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ABSTRACT
UNDERSTANDING THE INTERFACIAL PROCESSES OF REACTIVE
NANOBUBBLES TOWARD AGRICULTURAL APPLICATIONS
by
Xiaonan Shi
There is a growing interest in nanobubble (NB) technology because of its diverse
applications (e.g., detergent-free cleaning, water aeration, ultra-sound imaging and
intracellular drug delivery, and mineral processing). NBs have a higher efficiency of mass
transfer compared to bulk scale bubbles due to the high specific surface areas. The high
specific surface also facilitates physical adsorption and chemical reactions in the gas liquid
interface. Furthermore, the collapse of NBs creates shock waves and the formation of
hydroxyl radicals (•OH).
However, it remains elusive why or how NBs are stabilized in water and
particularly, the states of internal pressures of NBs are difficult to measure. This thesis
employs the injection of high-pressure gases through a hydrophobized ceramic membrane
to produce different gaseous NBs in water. The results indicate that increasing the injection
gas pressure (60–80 psi) and solution temperatures (6–40 oC) both reduce bubble sizes,
which are validated by two independent models develop from the Young-Laplace equation
and contact mechanics. Both models yield consistent prediction of the internal pressures of
various NBs (120 psi-240 psi). The developed methods and model framework are useful
to unravel properties of NBs and support engineering applications of NBs.
In addition, Atomic Force Microscopy-Scanning Electrochemical Microscopy
(AFM-SECM) has evolved to be a powerful tool for simultaneous topographicalelectrochemical measurements at local material surfaces with high spatial resolution. Such

measurements are crucial for understanding structure-activity relationships relevant to a
wide range of applications in material science, life science and chemical processes. The
electrochemical behavior of surface NBs on gold substrate is measured by AFM-SECM,
to better understand the chemical properties of NBs.
Moreover, this study investigates the effects of four types of NBs (air, oxygen,
nitrogen, and carbon dioxide) on seed germination and plant growth. Nitrogen NBs exhibit
considerable effects in the seed germination, whereas air and carbon dioxide NBs do not
significantly promote germination. The growth of stem length and diameter, leave numbers,
and leave width are promoted by NBs (except air). Furthermore, the promotion effect is
primarily ascribed to the generation of exogenous reactive oxygen species (ROS) by NBs
and higher efficiency of nutrient fixation or utilization.
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CHAPTER 1
INTRODUCTION

1.1 Objective
There are four main objectives of this dissertation:
1. Unravel the internal pressure of nanobubbles (NBs) in water and provide new
insights into the colloidal stability mechanisms of NBs. The developed methods and model
framework will be useful to explain properties of NBs and support engineering applications
of NBs.
2. Review the current state of knowledge on atomic force microscopy-scanning
electrochemical microscopy (AFM-SECM) as well as its reported applications in three
major research fields (materials science, life science, and chemical processes).
3. The electrochemical behavior of surface NBs on gold substrate was examined by
AFM-SECM, to better understand the unique properties of NBs.
4. Explore a green irrigation technology using NBs in agriculture. Diverse NBs
were used in plant growth experiments. The impacts of NBs on water quality, nutrient
release and absorption were further investigated.

1.2 Background and Challenges
Microbubbles (MBs) are generally defined as gaseous bubbles with diameter less than 100
μm and larger than 10 μm.2 Nanobubbles (NBs) are bubbles with a diameter of < 1 μm
(also known as ultrafine bubbles).3 The ultrasmall sizes of the micro- and nanobubbles
(MNBs) elicit many intriguing propeties.4, 5 For example, NBs have long residence times
in the solutions because their buoyancy are outweighed by electrical forces6 and increased
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internal pressure.7 Furthermore, the increased specific surface area of NBs increases the
contact area between liquid and gas,8 which facilitate mass transfer, sorption, and chemical
reactions at the gas/liquid interface. Therefore, MNBs has been utilized as innovative
technologies and versatile applications in agriculture, aquaculture, food engineering,
sterilization, waste water treatment, and medical applications (e.g. drug delivery for
chemotherapy9).10,

11

The application of oxygen NBs on enhanced the oxygen

concentration from 7.7 mg/L in normal distilled water to 31.7 mg/L after 30 minutes.12
Thus, NBs are also used in aquaculture to improve the water quality and replenish dissolved
oxygen, which increases the productivity of fish in limited space.13 Preliminary market
research conducted by the Fine Bubble Industries Association shows the size of the fine
bubble business increasing from USD 20 million in 2010 to USD 4.3 billion in 2020.
The collapse of NBs creates shock waves, which in turn, promotes the formation of
hydroxyl radicals (•OH), a highly reactive oxygen species (ROS) that nonspecifically
reacts with and decomposes organic matters.14-16 MBs have also been demonstrated to
remove residual pesticides of vegetables and improve the quality of produce.17 For example,
Fenitrothion is an agricultural pesticide that is harmful to fish, animals, and humans. Ozone
MBs were shown to remove and degrade fenitrothion in lettuce, cherry tomatoes, and
strawberries.18 The collapse of NBs creates the shock waves and promotes the formation
of hydroxyl radicals which is highly reactive for pollutant degradation.14 Applying NB in
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water treatment could efficiently remove water contaminants2 (e.g., rhodamine B,19 pnitrophenol,20 and alachlor.21).
Water pollution in natural waters such as rivers and groundwater aquifers is a
widespread problem that prevents these potentially potable sources from being used as
drinking water. In the United States, approximately two-thirds of the over 1,200 most
serious hazardous waste sites in the nation are contaminated with trichloroethylene (TCE),
a potentially carcinogenic compound. TCE and 2,4,6-trichlorophenol (TCP), a
carcinogenic and persistent pollutant, represent the large class of chlorinated organics
responsible for the contamination of many potential drinking water sources around the
world. Other emerging and environmentally persistent organic water pollutants For
example, the occurrence of harmful algal blooms (HABs) is increasingly common in inland
freshwater (lakes, ponds, reservoirs and rivers) across all 50 states in the U.S. and
globally.22 The accumulation of the microalgae associated with HABs could affect the
color, taste, odor, turbidity of the surface water as well as additional negative impacts on
the environment, human and animal health, and economy.23, 24
Many current treatments of contaminated water sources are chemical-intensive,
energy-intensive, and/or require post-treatment of unwanted by-product formation. For
example, to control, reduce or prevent the growth of HABs, commonly used techniques
include ozonation, ultrasonic treatment, chlorination, and the dispersion of algae-killing
chemicals (e.g., CuSO4). Other methods used to eliminate cyanotoxins produced from
3

HABs include flocculation, membrane filtration, adsorption on activated carbon, and
oxidation by permanganate.25 Each of these methods has inherent limitations in
effectiveness or economic viability.26
Previous studies on nanobubbles indicated that NBs would generally exist in our
natural world. They can exist in pure water at normal conditions, and s certain short time
of decompressing would induce the formation of more NBs in bulk water.27 The
phenomenon indicated a balance between the nucleation and diffusion of gas molecules
inside bulk water. Some NBs generation methods are based on creating a locally
oversaturated state of gas to induce nucleation of gas molecules.
Micro/Nano bubble technologies2 are expected to be less chemical consuming and
considerable tendency of reducing size of the treatment facility. Hence, they have
significant potential for design and operational cost reduction on top of their contribution
as an environment friendly technique. With this regard, its application has a significant
importance and future in water treatment because of the ability of the bubbles high mass
transfer efficiency, relatively lower rising velocity, easily tailored surface charge, free
radical generation ability and improved collusion efficiency. Wide applications of MB and
NB for particle separation, disinfection and organic-matter reduction have been anticipated
via the high floatability of the bubble-particle aggregate, improvement of mass transfer and
contact time, upgrading of aeration efficiency in biological wastewater treatment using
bacteria, as well as enhancement of OH radical formation for advanced oxidation.
4

Moreover, free radical generation in the absence of chemicals makes the future
applicability of oxygen and/or ozone MB and NB for the use of contaminant oxidation in
water systems more attractive. The bursting energy of MB and improved aeration potential
of NB have also a future in membrane de-fouling by improving surface scouring and
reduction of sludge formation in membrane bioreactors. Finally, it can be stated that the
use of both the MBs and NBs as an efficient and low-cost technology in different water
treatment processes is yet the coming challenge considering the scaling up of the systems
to industrial scale.

1.3 Use of Novel Nanobubble Watering Processes
for Enhanced Plant Growth and Pathogen Control
1.3.1 Need for Smart and Precision Agriculture for Water Source Protection, Soil
Protection, and Pollution Prevention
Irrigated agriculture provides 40% of the world’s food from less than 20% of the cultivated
area highlighting the importance of irrigation in global food security.28 However,
agriculture is one of the main contributors to pollution of coastal and marine surface
water.29,

30

This leads to increasing nutrients and chemical pollution with a resulting

decrease in water and sediment quality as reported worldwide.31-34 Moreover, many farms
must import resources that may be non-renewable (e.g. rock phosphate, fossil fuels), of
limited or fluctuating availability (e.g. irrigation from groundwater and rivers), or subject
to high and volatile prices (e.g. fuel, synthetic nitrogen fertilisers). The limit of natural
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resources (production land, water, soil, and fertilizers) and the growth of population in the
world requires agricultural systems to be more efficient and smarter than before.
Globally, 70% of the water use is applied in irrigation of crops, making irrigation
the largest consumptive user of fresh water.35 Over 80% of freshwater withdrawals in
developing countries is applied in irrigation.36 Agriculture therefore has the greatest
contribution to water scarcity.37 Global climate change may further increase irrigation
water demand due to a greater variation in annual precipitation amounts.38 It has been
estimated that, by 2050, without improvement to current agricultural practice, the volume
of water evaporated during crop production will almost double from today’s levels.39
Agricultural water management practice is therefore an important environmental corporate
social responsibility issue and encouraging the adoption of more effective irrigation
methods is of paramount importance. A global shortage in freshwater sources is predicted
unless action is taken to improve water management and increase water use efficiency. This
has necessitated greater regulatory demands for environmental protection of freshwater.40
Irrigation methods have considerable impacts on land erosion, pollution and water
resource depletion. Conventional irrigation practice involves applying water uniformly
over every part of the field without taking into account the spatial variability in soil and
crop water needs; this consequently leads to over-irrigation in some parts of the field while
other parts of the field are underirrigated.41 The risks associated with over-irrigation
include surface runoff, deep percolation and leaching of nitrates and nutrients. Those
6

associated with under-irrigation are more subjective and result in lower crop yields and
quality, as well as inefficient use of fertilizer and other supplemental inputs for crop
production. It is reported that only half of the total freshwater volume abstracted for
irrigation globally reaches the targeted crops.36 These have brought about the need to devise
procedures to use the limited water more efficiently while maximizing crop yield and
quality. By 1990, poor agricultural practices such as poor water management and fertilizer
application, had contributed to the degradation of 38% of the crop land worldwide.42 The
increasing prices of fertilizer and concern over environmental impacts have created the
need for precision agriculture (PA),43 which utilizes latest technologies in an agricultural
setting to increase efficiency and reduce detrimental environmental impacts of a farm.43
Environmental legislation and concern around the application of potentially harmful agrichemicals, such as nitrate fertilizers, has also driven the development of PA 44.
1.3.2 Nanobubble Water as a Novel Irrigation Method: Opportunities and
Challenges
MNBs and NBs have rapidly transformed into innovative technologies and versatile
applications in agriculture, aquaculture, food engineering, and sterilization.10, 45, 46 The
application of oxygen NBs on enhanced the oxygen concentration from 7.7 mg/L in normal
distilled water to 31.7 mg/L after 30 minutes.12 Thus, NBs are often used in aquaculture to
improve water quality and replenish dissolved oxygen, increasing fish productivity in
limited space.13 Applying NBs in water could efficiently remove water contaminants as
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well. For example, Fenitrothion is an agricultural pesticide that is harmful to fish, animals,
and humans. Ozone MBs were shown to remove and degrade fenitrothion in lettuce, cherry
tomatoes, and strawberries.18
NBs have been introduced into agricultural applications (e.g., promoting plant
growth and germination).12, 47-49 For example, Seiichi Oshita et al. showed accelerated seed
germination rates in mixed nitrogen and air NBs water compared to that in distilled water,
and indicated that NBs promoted physiological activity of plants because of the generation
of exogenous ROS and increased the mobility of the water molecules in bulk.48,

49

Germination rates of barley seeds submerged in water containing NBs (bubbles formed
from gas mixtures of nitrogen and pure air) were 15−25% greater than seeds submerged in
distilled water with the same concentration of dissolved oxygen.50 In addition, MNBs have
proven to facilitate the growth of plants such as lettuce in the nutrient solutions.51 Water
containing air MNBs led to 2.1 times greater fresh lettuce leaf weight and 1.7 greater dry
leaf weight than macro-bubble treated plants.52 Moreover, rice growth did not differ
between plants irrigated with NB water (water-saturated by oxygen nanobubbles) and those
irrigated with control water (without nanobubbles). Still, MNB water significantly reduced
cumulative CH4 emission during the rice-growing season by 21%.53 The amounts of iron,
manganese, and arsenic that leached into the drainage water before the MNB water also
reduced whole rice heading. Most of these previous studies used MNBs for plant growth
promotion and only a few of them employed NBs (or at least without the control of bubble
8

size or size informality).
An increasing body of evidence also signifies the importance of the root
microbiome, which consists of the complex of rhizosphere-associated microbes, their
genetic elements and their interactions, in determining plant health and growth. The
rhizosphere, which is the narrow zone of soil influenced by root secretions, can contain up
to 1011 microbial cells per gram root8 and more than 30,000 prokaryotic species.54 In
humans, the effects of intestinal microbial communities on health are becoming
increasingly apparent.55 The diversity of microbes associated with plant roots (or
Rhizobacteria) is enormous (tens of thousands of species). This complex plant-associated
microbial community, also referred to as the second genome of the plant, is crucial for plant
health and growth. Recent advances in plant–microbe interactions research revealed that
plants can shape their specific rhizosphere microbiome when grown on the same soil. Upon
exposure to environmental stimuli such as pathogen or insect attack or exposure to organics,
plants enhance microbial activity to suppress pathogens in the rhizosphere or elevate
nutrient uptake.56 Thus, a comprehensive understanding of the mechanisms that govern
selection and activity of the rhizosphere microbial communities by plant roots after
exposure to NBs will provide new opportunities to increase crop production using NB
irrigation, which has not been reported previously.

9

1.4. Atomic Force Microscopy - Scanning Electrochemical Microscopy (AFMSECM) for Nanoscale Topographical and Electrochemical Characterization:
Principles, Applications and Perspectives
1.4.1 Introduction
Electrochemistry deals with the interplay between electricity and identifiable chemical
change. Characterization of electrochemical (EC) behavior of liquid/liquid, liquid/gas and
liquid/solid interfaces can provide critical insights into the kinetics and mechanisms of
interfacial reactions across the interface, and thus plays a significant role for the
fundamental understanding of many biological and chemical processes. Up to date, based
either on potentiometric or voltametric measurements, various electrochemical
characterization techniques have been developed, including cyclic voltammetry
polarography

58

measurement

60

, electrochemical impedance spectroscopy

59

57

,

, and electrochemical noise

. However, these traditional EC measurements are usually performed at

macroscopic scale and can only provide an average of the heterogeneous reactivity over an
electrode surface. Such information is becoming insufficient to reveal local scale surface
properties, especially in modern world where nanomaterials are widely integrated.
Therefore, localized techniques capable of simultaneously capturing both nanoscale
multidimensional information and electrochemistry are highly desirable.
Scanning electrochemical microscopy (SECM) emerges as a popular and wellestablished approach for local electrochemical studies at micro- and nanoscales 61-65. In a
classic SECM characterization process, an ultra-small microelectrode, often termed as
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“ultramicroelectrode” in SECM literature, is defined as an electrode with dimension
smaller than 25 μm 66 that is placed in close proximity to the sample surface and then scans
across the immersed surface. Spatially resolved electrochemical signals can be acquired at
the ultramicroelectrode tip (or at the substrate in response to the tip) as a function of precise
tip position over a substrate region of interest 67. SECM has evolved significantly after its
first inception in 1989 68, 69 owing to the rapid development of functional probe types and
operation modes for widespread applications. Several review articles have been available
now in which the principles, experimental design and applications were comprehensively
discussed

61, 70

. However, EC signals are typically sensitive to tip-substrate interaction

characteristics such as working distance. Most of the classic SECM often applies a constant
height approach, instead of a more favorable fixed tip-substrate distance, which easily
results in the convolution of collected topographical and electrochemical information 71.
Additionally, it remains a challenge for the classic SECM to obtain sub-µm image
resolution because its electrodes often have characteristic dimensions of a micrometerscale that limits the spatial resolution 72.
The ongoing limitations of classic SECM has spurred the development of a variety
of advanced SECM techniques in which various positional feedback methods are integrated
to enable a fixed tip-substrate working distance such that signals of EC properties of the
surface are collected at the probe, including shear force positioning

73

, ion conductance

positioning 74, atomic force microscopy (AFM) positioning, and alternating current SECM
11

75

. Among the several techniques, SECM integrating AFM positioning (AFM-SECM) is

believed to be more superior because AFM is well-recognized for its high-spatialresolution imaging capability and precisely controllable AFM tip positioning. The
integration enables simultaneous acquisition of high-spatial-resolution surface topology
and nanoscale electrochemical images. The first successful demonstration of AFM-SECM
was reported by MacPherson and Unwin in 2000, who simultaneously acquired the
topographical and electrochemical images of track-etched polycarbonate ultrafiltration
membranes and potassium ferrocyanide trihydrate crystal surfaces

76

. Afterwards,

significant advancements have been achieved in the fields of combined AFM-SECM probe
design and fabrication, as well as diverse applications in chemical, biological and material
characterization. Although remarkable progress of AFM-SECM , almost all the previous
review papers only examined either SECM

61, 70

or AFM

77

. Only one article reviewed

multifunctional AFM and covered limited information on AFM-SECM

72

. Clearly, a

critical review specifically focusing on the integrated AFM-SECM is highly needed.
The present review aims to summarize the current state of knowledge on AFMSECM as well as its reported applications. Fundamental working principles and innovative
operations pertaining to SECM, AFM and the combined AFM-SECM mode is briefly
presented first. Then, we introduce the basics of the AFM-SECM probe designs, followed
by a critical overview and discussions on the applications of AFM-SECM in three major
research fields (materials science, life science, and chemical processes). The current
12

limitations and drawbacks of the AFM-SECM are also elaborated with extensive example
case studies. Finally, conclusions and outlook are given to provide insights into the future
development of AFM-SECM. It should be noted here that a number of studies also reported
simultaneous topographical and electrochemical measurements, which were achieved by
other techniques such as conductive AFM

78-81

, electrochemical AFM (EC-AFM)

82-85

,

scanning ion conductance microscopy-scanning electrochemical microscopy (SICMSECM)

74, 86

, and scanning electrochemical cell microscopy (SECCM)

87, 88

. Table 1.1

present a comparison between these techniques, which fall outside the scope of the present
review on AFM-SECM.
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Table 1.1 Comparison of Several Hybrid AFM System Which Provide Simultaneous Topographical and Electrochemical
Measurements
Techniques
AFM-SECM

CAFM a

14

EC-AFM a

Principles
The probe measures tip-substrate
interactive forces to image
topography, and simultaneously
record faradaic current (or
potential) response to map
electrochemical activity of the
sample surface.
The probe measures tip-substrate
interactive forces to image
topography, and record current
flow at the tip-substrate contact
point to measure local electrical
properties such as conductivity.

Substrates
Conductive,
nonconductive,
soft, fragile, and
hard samples.

Main advantages
1. Precisely controllable probe tip
positioning;
2. Nanoscale resolution for
topographical and electrochemical
imaging;

Mostly used on
conductive or
dielectric
materials

1. No electrolyte solution needed and
can be operated in air or vacuum;
2. Well-developed technique;
3. Wide probe availability with
competitive probe price

EC-AFM integrates classic AFM
with a three electrode
electrochemical cell to enable in
situ AFM measurement of sample
surface morphology while
conducting electrochemical
experiments.

Conductive
samples, such as
electrode.

1. Real-time and in situ conductive
surface evolution measurement;
2. Wide probe availability with
competitive probe prices

Main drawbacks
1. High probe cost;
2. Limited probe reliability and
durability;
3. Requires the entire sample to be
immersed in electrolyte solution, which
may compromise tip and sample
stability by fouling or contamination
1. Possible degeneration of the
conductive coating of the tip and
sample surface due to undesirable
electrochemical reasons;3. Mostly used
on conductive,
2. Difficult for biological sample
measurement.
1. Requires the entire sample to be
immersed in electrolyte solution, which
may compromise tip and sample
stability by fouling or contamination;
2. Possible corrosion to AFM cantilever
when in acid electrolyte;
3. Frequent photodiode repositioning
due to change of the laser spot position
(resulted from change of solution
refractive index with respect to air).

Ref.
72

78-81,
89

82-85,
90

Table 1.1 Comparison of Several Hybrid AFM System Which Provide Simultaneous Topographical and Electrochemical
Measurements
Techniques
SICM-SECM

Principles
Ion-migration current between two
quasi-reference counter electrodes
is measured to determine the
height profile (topography), and
faradaic current (or potential)
response of the probe is
simultaneously recorded to
determine electrochemical
activity.

Substrates
Hard or soft, nonconducting
samples

SECCM a

SECCM measures the changes of
ion conductance current between
the quasi-reference counter
electrodes to generate height
profile, and measures the current
flow caused by redox of any active
species in the electrolyte at the
sample surface to image
electrochemical activity

(Semi)conducting
substrates, such as
polycrystalline
platinum, carbon
materials, etc.

a

Main advantages
1. Accurate probe tip positioning;
2. High-resolution
topographical/electrochemical
imaging;
3. Generally non-contact with the
samples, and thus non-destructive and
can be advantages for observation of
living tissues and cells, and biological
samples.
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Main drawbacks
1. Lacking of commercial probe
suppliers;
2. Positioning instrumentation for
combined SICM-SECM is relatively
specialized;
3. Though producing high image
resolution, it is still not competitive
when compared to AFM-SECM
4. Theory is mostly based purely on
SICM, and theory for combined SICMSECM is currently inadequate.
1. Recently introduced in 2010, and
relatively underdeveloped when
compared to other topographical /
electrochemical measurement
techniques;
2. Double-barrel pipette needs to be
further reduced to open up more
possibilities.

1. A defined portion of the surface is
targeted and isolated for investigation,
free from the influence of neighboring
areas;
2. Only the probed part of the surface
comes into contact with solution for a
very brief time, which is particularly
useful for systems where surface
passivation, fouling, corrosion are
otherwise problematic;
3. The interfacial reaction or property
is probed directly, with minimal
convolution from tip and topographical
effects.
a
. CAFM (Conductive Atomic Force Microscopy); EC-AFM (Electrochemical Atomic Force Microscopy); SCIM-SECM (Scanning Ion Conductance
Microscopy - Scanning Electrochemical Microscopy); SECCM (Scanning Electrochemical Cell Microscopy)

Ref.
65, 74,
86

87, 88

1.4.2 AFM-SECM Principle, Probe Design, and Operation Mode

1.4.2.1 AFM-SECM Principles.

Detailed introductions of single SECM and AFM

techniques are certainly beyond the scope of the present work, a brief description of their
principles and operations is presented in Subsections 1.4.2.1.1 and 1.4.2.1.2 to facilitate
the understandings of the combined AFM-SECM technique in Subsection 2.1.3.

1.4.2.1.1 SECM
SECM technique was first developed by Bard, et al. 68 and Engstrom, et al. 69 concurrently
in 1989. It uses an ultramicroelectrode to closely scan across an immersed substrate surface
of interest. Spatially resolved electrochemical signals can be acquired at the
ultramicroelectrode tip (or at the substrate in response to the tip) to provide quantitative
information about the interfacial region 61. A classic SECM instrument consists of three
key components (Figure 1.1a) 70: (1) A potentiostat precisely measures and controls the
potential and current at both a ultramicroelectrode and a substrate; (2) A positioning system
with high resolution enables the accurate movement of a substrate and a probe and; (3) A
SECM tip with dimensions of micrometer to nanometer range scans across an immersed
substrate.

16

Figure 1.1 (a) Schematic of a classic SECM instrument. (b) Working principle of AFM.
(c) Schematic illustration of an AFM-SECM system.
Source: The figure is reproduced from Ref 91 published by the PCCP Owner Societies, Ref 92 and Ref 93 with
copyright.
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Table 1.2 Summary of SECM Operation Modes
Type

SECM mode

Reaction

R - ne- ® O

Feedback
mode

(tip reaction)

A probe approaches a conducting substrate.
Species O is reduced back to R due to the conducting
substrate.
The current increased, compared to steady-state conditions.

Positive feedback

18

Substrate generation/
tip collection
(SG/TC)
b

Principle
Probe tip approaches an inert surface.
Hindered diffusion of R to the tip by the substrate.
The current decreased, compared to steady-state
conditions.

Negative feedback

a

Schematic illustration

R - ne- ® O

(substrate reaction)

O + ne- ® R

Typical applications

Most common mode
Corrosion
Enzymatic
measurements
Reaction kinetics
Substrate modification
Surface catalytic
activity

Generate the redox species at substrate
and collect the species at the tip.

Corrosion
Enzymatic
measurements

Generate the redox species at tip
and collect the species at the substrate

Reaction kinetics
Substrate modification

(tip reaction)

Generation/
collection
mode
Tip generation/
substrate collection
(TG/SC)

O + ne- ® R

(substrate reaction)
-

R - ne ® O
(tip reaction)

Table 1.2 Summary of SECM Operation Modes
Type

SECM mode

Reaction

c

Redox competition (RC) mode

(substrate and tip
reaction)

19

d

e

Direct mode

Potentiometric mode

R - ne- ® O

R - ne- ® O
(tip reaction)

No faradaic reaction

Schematic illustration

Principle

The substrate and the probe compete for the same
electro-active species in solution.
A drop in tip current indicates the surface electro-activity.

The probe acts as a counter electrode.
A substrate acts as a working electrode.
There is a localized electric field between the substrate and
tip.

The local potential is measured at probe (not the current).
An ion-selective electrode (ISE) is needed.
No faradaic reaction and the tip-to-substrate is less
important in this mode.

Typical applications

Surface catalytic
activity
Corrosion

Surface modification

Local pH

Over the years, different operation modes of SECM have been developed to
accommodate expanding applications, including feedback mode, generation/collection
mode, redox competition mode, direct mode, and potentiometric mode (as summarized in
Table 1.2):
(1). Feedback mode is the most common used SECM mode due to its great
versatility (Table 1.2a). In this mode, a tip reaction occurs with a redox species R
introduced into an electrolyte solution and oxidized at the biased tip. A negative feedback
response would be generated if approaching the probe towards an inert substrate, because
the diffusion of redox species R to the tip will be suppressed by the substrate, and thus
leads to a reduction in current compared to steady state conditions. Alternatively, a positive
feedback response can be observed when the probe approaches towards a conducting
surface because the conducting surface enables species O to be reduced back to R, which
promotes the local flux of R and thus increases the current.
(2). Generation/collection mode (GC) operates when the tip selectively detects
species formed at the substrate or the probe tip (Table 1.2b). In the case of redox reaction
originated from the substrate, i.e., substrate generation/tip collection (SG/TC) mode, a
mediator species is formed at the substrate and then collected at the biased tip (reaction
details shown in Table 1.2b). Despite of the successful applications in corrosion 94, 95 and
enzymatic studies 96, 97, this GC mode suffers from some inherent drawbacks such as lack
of steady state at large substrate, low collection efficiency, and interference between tip
and substrate reaction 70. Conversely, redox reaction may also be originated from the tip
(tip generation/substrate collection, TG/SC mode), in which the mediator species is formed
at the tip and then collected at the substrate. This mode has been predominantly applied for
reaction kinetics 98, 99 or substrate modification measurements 100.
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(3). Redox competition (RC) mode (Table 1.2c), as introduced by Schumann et al.
, is a mode where the substrate and the probe compete for the same redox species in
solution during the tip-substrate scanning. In this mode, potentials are applied to both the
tip and the substrate by a bipotentiostat, but current is only measured at the tip. The tip
current remains constant when scanning across inactive region of the substrate, whereas it
decreases when scanning over active region due to the consumption of redox species
consumption at both the tip and the substrate. The current drop can be further correlated to
substrate surface activity. Although RC mode is less popular when compared to feedback
mode or GC mode, it still finds a niche in studies of corrosion 102, cell respiration activity
103
, and surface catalytic activity 104, 105.
101

(4). Direct mode can be regarded as a specific SECM subset, because this mode
reverses the electrochemical cell configuration and utilizes the substrate as the working
electrode and the probe tip as the counter electrode (as illustrated in Table 1.2d). When a
potential is applied, the localized electric field is formed between the substrate and the tip,
and the close tip-to-substrate distance enables higher patterning resolutions. In contrast to
feedback mode, the reactions at the substrate and SECM probe in direct mode do not
necessarily need to be reductions and oxidations of the same redox couple 106. This mode
is particularly popular for surface modification 107, especially for enzyme deposition 108,
semiconductor etching 109 and micro-patterning measurements 110.
(5). In contrast to the above described modes which all involve an amperometric
measurement, potentiometric mode, however, measures a local potential (instead of
current) between an external reference electrode and an ion-selective electrode (Table
1.2e) 111, 112. Notable advantages of this mode include high selectivity, high sensitivity, and
ability to detect electroactive and non-electroactive species 113. Another unique feature of
the mode is that the oxidation state and concentration of the analyte species remain stable
during the entire measurement because no faradaic reaction is involved. Moreover, since
the measured local potential is often linearly related to the analyte activity, the tip-substrate
distance barely affects the corresponding signals, and therefore the distance is less
important when compared to other operational modes (especially feedback mode which is
heavily affected by the tip-substrate distance).
1.4.2.1.2 AFM

AFM was first introduced in 1986

114

, and now has evolved to be a powerful and

indispensable tool for surface characterization especially at the nanoscale. Extensive
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review papers have reported different applications in different research areas such as
catalysis, material science, medicine, molecular biology, polymer chemistry and physics
77, 115-117

. In principle, AFM uses a cantilever with a sharp tip (probe) to scan the sample

surface and measures the interaction between the sample surface and the tip for imaging or
quantification of tip-sample forces (as depicted in Figure 1.1b) 118-120. Specifically, when
the tip is brought to proximity of the sample surface, the tip-surface interaction leads a
deflection of the cantilever and changes the deflection signal of the incident laser beam at
the backside of the cantilever. When the tip scans across the sample surface, its vertical
and horizontal motion will be recorded by measuring the laser deflection signal by a
photodetector. The laser signal is then processed into a three-dimensional topography of
the sample surface 121.
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Table 1.3 Summary of AFM Operation Modes
Principle

Typical
Applications

Contact mode

The probe tip is not oscillated, but constant contacted with a sample
surface, and is operated in a repulsive regime. The cantilever tip moves up
and down to accommodate the surface topography which can be measured
by either the cantilever deflection or using a feedback loop to keep the
cantilever at a constant position.

Non-fragile sample
such as mineral
particles, graphene
film

Non-contact mode

The cantilever tip is kept away from the substrate surface and oscillate the
tip with small amplitude near or at its resonance frequency. Tip-surface
interaction induces oscillation changes but is maintained by a feedback
loop system by adjusting the average tip-to-sample distance which can be
further used for topography imaging.

Metals, semiconductors,
polymers, biological
materials

Intermittent mode

The cantilever tip oscillating with a large amplitude is kept away from the
substrate surface, and intermittently contact with the sample surface. Tipsurface interaction induces oscillation changes, but a feedback system is
used to adjust the cantilever height to maintain a preset oscillation
amplitude.

Most popular mode.
Soft samples such as
hydrophilic
polymers or
biological specimens

AFM modes

Schematic illustration
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Similarly, several imaging modes of AFM have been developed for a variety of
applications 119. For practical guidance purposes, the most primary AFM modes including
contact mode, non-contact mode, and intermittent mode are introduced (summarized in
Table 1.3). Depending on the oscillation state of the cantilever, these imaging modes can
also be divided into static mode (non-oscillating cantilever) and dynamic mode (oscillating
cantilever). Since the three imaging modes have been well-documented elsewhere 118-120,
only a brief introduction is presented here.
Contact mode, also known as non-oscillating mode or repulsive mode

116

, is the

first mode developed for AFM. In this mode, the cantilever is not oscillated, and the probe
tip is held in close contact with the sample surface during the scanning process, and
therefore the mode usually operates at the repulsive regime of the force-distance curve.
The surface topography is imagined by either the cantilever deflection directly, or the
feedback signal required to maintain constant cantilever position. Due to the direct contact,
unfavorable surface and/or tip damage may occur by a lateral shear force exerted by the
probe tip. Therefore, low stiffness cantilevers with low spring constant are more favorable
for this mode to scan non-fragile or solid surfaces 122, 123.
By contrast, the non-contact mode (also named as close-contact mode) is performed
by lifting the probe tip slightly away (50~150 Å) from the substrate surface with oscillation
of the probe tip typically near or at its resonance frequency. In principle, as the oscillating
tip approaches a sample surface, tip-surface interaction would induce damping of the
24

cantilever oscillation. This leads to a reduction of the oscillation in frequency, amplitude
or phase, which are recorded by a force transducer. Together with a feedback loop system,
a constant oscillation amplitude or frequency is maintained by adjusting the average tipto-sample distance. Measuring the tip-to-sample distance at each data point allows for the
construction of a topographic image of the sample surface. In the case of the non-contact
mode, usually a small oscillation amplitude (often the order of 10 nm 118) is applied so that
the cantilever is maintained only in the attractive regime of the force-distance curve. This
mode usually uses frequency modulation for detection, which is why the non-contact mode
is also called a frequency modulation mode. Without direct contact between the tip and the
sample surface, this mode shows higher versatility for a wide range of samples, especially
for soft surface (e.g., polymers

124

, biological specimen

117

) and contamination-sensitive

surface characterization. The non-contact mode is usually applied in high vacuum
condition 125-127 and also in solutions 128, whereas for imaging in air, a contamination layer
is often presented on most sample surface due to water or moisture adsorption, which may
induce capillary forces between the probe and the contamination layer and negatively
interfere the tip-surface interaction 118.
Intermittent-contact mode, also commonly known as tapping mode, uses a larger
oscillation amplitude (typically in the range of several to 200 nm 129), during which the tipsample interactions moves from locations far from the sample surface (no tip-sample
interaction) to close contact, covering the attractive and repulsive regimes in the force25

distance curve. The feedback system is usually based on amplitude modulation, so the
intermittent-contact mode is also widely referred to as amplitude modulation mode.
Intermittent-contact mode can be operated in liquid and air for imaging soft as well as
fragile samples. The versatility of this intermittent-contact mode are mostly attributed the
facts that: 1) the lateral forces which cause huge problems in contact mode are avoided, so
sample or tip damage during scanning is minimum; 2) the probe tip in intermittent-contact
mode can pass through the contamination layer during the imaging in air to detect the actual
surface of interest 118.

1.4.2.1.3 AFM-SECM
Instrumentally speaking, combining SECM with AFM is straightforward: an external
(bi)potentiostat is integrated into an AFM instrument to enable the additional function of
electrochemical measurement (as shown in Figure 1.1c). The electrochemical data can
then be fed in via an analog-to-digital conversion channel provided by the AFM controller.
The probe of the AFM-SECM here acts as not only a force sensor for topography imaging,
but also an electrode for electrochemical imaging. Though different operation modes of
AFM-SECM may be applied (see the following Subsection 1.4.2.2) for specific
applications, the working principles are identical to those introduced above.
However, the SECM and AFM combination is not simply a pathway for
simultaneous measurements of topography and electrochemical activity of the sample
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surface, but more of an elegant solution to the above-mentioned SECM challenges. For
instance, the constant tip-substrate distance undesirably leads to the convolution of
topography with the measured electrochemical information, and conventional micrometerscale SECM electrode limits the spatial resolution of the measured images. By contrast,
AFM has excellent tip positioning ability to enable fixed tip-substrate working distances
that decouples the topographic and electrochemical information. Moreover, the sharp AFM
tips permit nanoscale spatial resolution imaging.

1.4.2.2 AFM-SECM Operation Mode.

Contact mode in AFM-SECM is explored in

the first demonstration of combined AFM-SECM by Macpherson and co-workers 76. Like
the AFM’s contact mode (see Subsection 1.4.2.1.2), the probe in this AFM-SECM mode
is also in direct contact with the sample surface during the entire measurement process.
The cantilever tip moves up and down to accommodate the sample surface topography
while a feedback loop keeps a constant predetermined cantilever deflection. Both the
imaging of surface topography and electrochemical activity (e.g., through tip-sample
reactions in Table 1.1) can be achieved in single scanning pass. This mode is not
recommended for fragile and soft sample surface measurement due to high imaging and
shear force but can be applied to robust and nonconductive substrates using a probe with
electrode at the apex. To apply this mode for conductive surfaces, probes with recessed
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electrode (see Table 1.4) must be used to avoid short circuit between the electrode and
conductive sample surface.
As mentioned above, the actual tip-substrate distance changes with the local
topography for a substrate displaying corrugations, and thus, the variation of the tip
position is a convoluted function of the substrate topography and local reactivity. In this
case, a lift mode AFM-SECM was developed to enable constant tip-to-substrate distance
imaging

130, 131

. In this imaging mode, twice scanning across each line of the image are

conducted: surface topography is measured and stored in the first scanning, followed by a
second pass during which the probe tip is first slightly lifted away from the sample surface
and then scanned again along the same lines as in the first scanning for the electrochemical
activity measurement. Lift mode AFM-SECM is particularly useful to interrogate
conductive surfaces, because the tip-substrate short circuit is avoided during the
electrochemical measurements 72.
Alternatively, constant-distance AFM-SECM imaging can also be realized by a
tapping mode AFM-SECM

132-134

. This mode imposes a surface-induced damping of a

small oscillation to the cantilever to control the tip-to-substrate distance, and then a
constant tip-substrate distance can be enabled by a feedback loop which coordinates the
vertical position of the probe tip to keep damping at a preset value. In contrast to the lift
mode, tapping mode offers the benefit of acquiring both topography and current
information simultaneously in one single scanning. Tapping mode AFM-SECM is most
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useful for imaging soft samples such as hydrophilic polymers or biological specimens (e.g.,
microbial cells)72. However, this mode relies on mechanical resonance and therefore is
sensitive to working environment of the probe. In some recent examples, the evolved
tapping mode, Peakforce tapping, has also been explored in many AFM-SECM platforms
for physical and structural properties studies

135

. During the Peakforce tapping imaging,

the AFM probe is sinusoidally modulated at a low frequency (normally 0.25-2.0 kHz)
which is off resonance from the cantilever oscillation. The recorded force curves can
provide various information, including energy, tip-sample adhesion force, deformation,
and Young’s modulus.

1.4.2.3 AFM-SECM Probes Design.

The major challenge for high quality AFM-

SECM characterization experiments are predominantly determined by availability,
reproducibility, and integrity of the dedicated dual functional probes 72. First, a nanoscale
electrode with well-defined electroactive area must be fabricated. More importantly, since
the AFM-SECM experiments are performed in a solution containing redox mediators,
perfect insulation of the electrical conducting part from the sub-micro sized or nanosized
electroactive area must be established to avoid unfavorable current leakage.
The commercial AFM-SECM probes have not been available until recently, therefore
the majority of the AFM-SECM probes reported so far were self-designed and fabricated. The
AFM-SECM probes in these reports have different geometries, such as needles 136, cones 137,

29

nanowires 138, pyramidal 139, and recessed frame (first by Kranz et al. 140), and the probe design
strategies can be classified into two groups: (a) electrodes located directly at the apex of the
AFM tip 141, 142 (see Table 1.4 ), or (b) located at a certain distance (dependent on the active
electrode size) from the nonconductive tip apex

140, 143, 144

(see Table 1.5). The design of

locating the electrode recessed from the tip apex enables constant-distance SECM imaging
when operated at AFM contact mode, thereby avoiding short-circuits between the electrode and
conducting sample surface as well as less surface fouling of the electrode. Alternatively, the
design of locating electrode at the probe apex is more straightforward and creates real nanoscale
electrode-surface distances for effective acquisition of both the electrochemical and
topographical information at the exact same location of the sample surface. One should note
that the probes of this configuration are not applicable for characterizing conducting samples in
AFM contact mode, in which case direct tip-substrate short-circuits may occur.
The AFM-SECM probes can also be classified by fabrication methods, including (a)
the ones fabricated by etching and insulating a conductive wire 145, or (b) the ones by state-ofthe-art microfabrication techniques (e.g., focused ion beam milling
lithography

131

, standard deposition

72

146, 147

, electron beam

) for defined geometry under high reproducibility

148

.

More details about the fabrication methods have been summarized elsewhere 72.
To assist the AFM-SECM probe design and fabrication, theoretical simulation of the
mass transportations near the probe surface were established to analyze the resulting current
responses (as shown in Table 1.6). Two numerical methods, namely, the finite element and the
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boundary element methods, have commonly been used based on different probe geometries.
The finite element method is particularly useful for electrochemistry models which involve
complex geometries and boundary conditions. For example, Macpherson et al. 149 reported the
batch microfabrication of a triangular-shaped electrode at the apex of AFM-SECM by direct
write electron beam lithography. They used finite element model to simulate diffusional mass
transport to the triangular electrode in bulk solution. The simulated limiting currents correlated
well with the experimental results observed in steady-state voltametric measurements of the
Ru(NH3)63+ reduction in aqueous solution. Similarly, Denuault et al. 150 used the finite element
method to predict the amperometric response of conical AFM-SECM electrodes, and calculated
the steady state limiting current as a function of cone aspect ratio and insulation sheath thickness.
Alternatively, the boundary element method offers the benefits of simpler implementation,
reduced simulation time

151

, and is more favorable for 3D simulation of asymmetric AFM-

SECM probes. For example, Kranz et al. 152 used the boundary element method to build a model
for a frame-shaped AFM-SECM probe, and the simulated feedback current image well matched
the experimentally measured current at the combined probe.
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Table 1.4 Summary of AFM-SECM Probe with Protruding Electrode
Fabrication
method

Tip/Electrode
material

Electrode shape

Insulation
material

Examples

Electron beam

Gold

Triangular

Silicon nitride

131, 153

Photolithography

Platinum

Conical

Silicon dioxide

137

Focused ion beam

Platinum/Platinum
carbon composite

Disc/Conical

Silicon dioxide/
Parylene C

146, 154, 155

Chemically
etched

Platinum/Gold

Conical

Electrophoretic
paint

76

Example scheme *

Micro fabricated
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Bench-top
fabricated

Table 1.4 Summary of AFM-SECM Probe with Protruding Electrode
Fabrication
method

Example scheme *

Electrode shape

Insulation
material

Examples

Gold

Spherical/
Conical

Electrophoretic
paint

132, 145
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Tip/Electrode
material

Spark etched

Table 1.5 Summary of AFM-SECM Probes with Recessed Electrode
Fabrication
method

Scheme *
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Electrode material

Electrode shape

Insulation material

Examples

Gold/ Boron-doped
diamond

Frame

Silicon nitride
/Parylene C

140, 148, 156,

Platinum/Gold

Recessed disc

Epoxy/Silicon
nitride/Silicon dioxide

158, 159

Gold

Nano-disc

Parylene C

160

Boron-doped
diamond

Ring

Parylene-C/Silicon
nitride/ Intrinsic
diamond

143, 161

Platinum

Ring

Silicon dioxide

162, 163

157

Focused ion beam

Batch
microfabricated

Table 1.6 Summary of Simulation Method for AFM-SECM Probe Response
Simulation method
35

Finite element method
Boundary element
method

Electrode shape
Example
149
Triangular
150
Conical
164
Conical
Frame-shaped recessed electrode 152
139
A variety of shapes

1.4.3. AFM-SECM Applications
Nearly two decades after the first demonstration of AFM-SECM, the technique has shown
remarkable successes for a variety of applications. Table 1.7 summarizes the diverse
applications which were categorized into material science, life science, as well as chemical
science. Each category of applications is brieﬂy elaborated with representative examples
or case studies in the following subsections.
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Table 1.7 Summary of AFM-SECM Application
Year
2002
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2004
2017
2009
2009

2016
2017
2018
2019

AFM-SECM Mode

Tip
In Material Science
Generation/collection Characterizing Pt deposition Fabricated: Silicon nitride
-Contact
on Ti/TiO2 surface (surface
probe with Pt wire-mounted
activity of electrodes)
tip
Self-named
Probing individual (gold)
Fabricated: Silicon nitride
Mt(N.A.(similar to
nanoparticles/nanoarrays/mo probe with Au wire-glued
feedback-Tapping )
nolayer labeled with redox
tip
ferrocene-polyethylene
glycol (Fc-PEG) coating.
N.A.-Non-contact
Electrografting of vinylic
Fabricated: AFM probe with
monomers on gold surface
Pt-wire mounted tip
Self-named Tarm
Imaging nanoFabricated: Gold tip tethered
(N.A.-Tapping)
patterned/structured surface with ferrocene-polyethylene
glycol (Fc-PEG) chains
Feedback-Peakforce
Tapping (PFT)

Application

Characterizing gold
electrode sealed/patterned in
glass/ soft polymer
Unknown- PFT&lift Imaging for Pt/p+ -Si and
Pt/p-Si electrodes
Generation/collection Catalytic current mapping of
and Direct-Nonoxygen reduction on Fe or Pt
contact
particles

Substrate

Electrolyte

Ref

Ti/TiO2 anode

10mM IrCl63- and
0.5 M KNO3

165

0.1 M citrate
buffer/1 M
NaClO4

166-

0.7M acrylic acid
and 0.25M H2SO4
1 M NaClO4

172

Fabricated silicon nitride
probes with Ti/Au coated tip

Gold surface
assembled with 11amino-1undecanethiol/
Silicon/
Glass plates coated
with Cr/Au
Highly oriented
pyrolytic graphite
(HOPG)/Gold band
electrodes on SiO2
Glass/polydimethyls
iloxane

147

Commercial probes

Silicon substrate

AFM SiO2 tip embedded
with Pt wire

Fe–N-HOPG

2.5~5 mM
Fc(MeOH)2 and
0.1 M KCl
0.1m KCl and 10
mM [Ru(NH3)6]3+
O2 saturated 0.1
M HClO4

171

173,
174

175
176178

Table 1.7 Summary of AFM-SECM Application
Year

AFM-SECM Mode

2000

Feedback-Contact

2002

Not mentionedContact
Generation/collection
-Contact

Generation/collection Analyzing localized
–Contact
corrosion of EN AW-3003
alloy
Generation/collection Visualizing pit corrosion on
–Contact
iron surface
Generation/collection Imaging of copper corrosion
–Contact
in acidic chloride solution

2003
38
2005
2008
2015
2016
2017

Application

Tip
In Chemical Process
Probing diffusional transport Fabricated: Silicon nitride
of electroactive species
probe with Pt wire-mounted
across polycarbonate
tip
ultrafiltration membranes

Imaging of diffusion through
single nanoscale pores
Observing of dissolution
from calcite crystal in
aqueous solution
Generation/collection Investigating localized
–Contact (lift)
corrosion of Al alloys

Substrate

Electrolyte

Ref

Membrane on glass
disc

10mM IrCl63- and
0.5 M KCl

76

Fabricated: Silicon nitride
probe with Pt-coated tip
Fabricated: Silicon nitride
probe with Pt-coated tip

Polycarbonate
membrane
Calcite crystal

10mM IrCl63- and
0.5 M KNO3
5 mM [Fe(CN)6]4in 0.5 M KCl

179

Commercial probe: AFM tip
besides a core Pt-wire
electrode
Commercial probe: AFM tip
besides a core Pt-wire
electrode
Fabricated silicon nitride
probes with Au coated tip
Fabricated silicon nitride
probes with Au coated tip

Al alloy

KI and 10mM
NaCl

158

Alloy sample

5 mM KI or 2
mM [Fe(CN)6]4in 10 mM NaCl
0.1 M NaNO2 and
0.5 M NaCl
10 mM CuSO4/50
mM H2SO4 and
0.5 M NaCl

181

Iron
Copper
nanoparticles on
gold/bulk copper

180

182,
183
184,
185

Table 1.7 Summary of AFM-SECM Application
Year

AFM-SECM Mode

Application

2003

Generation/collection
-tapping
Generation/collection
-contact

Imaging of enzyme activity
(glucose oxidase)
Imaging of enzyme activity
(peroxidase)

2004

Generation/collection Measuring glucose oxidase
–Dynamic(similar
biosensor surface
with tapping)

2005

Generation/collection Imaging of molecular
-contact
(glucose) membrane
transport
Mt
Imaging DNA chains,
proteins (antigens) and viral
particles marked with FcPEG coating
Feedback-Contact
Imaging of reconstituted or
native biological membrane

39

2004

2007
2019
2008

2008

N.A.-Contact

Triggering proteins
patterning on glass slides

Tip
In Life Science
Fabricated: Silicon nitride
probe with Au-coated tip
Fabricated: Silicon nitride
probe with Au-coated tip
Fabricated: Silicon nitride
probe with Au- coating,
back glued with a magnetic
microbead
Fabricated: Silicon nitride
probe with Au- coated tip
Fabricated: Silicon nitride
probe with Au wire-glued
tip

Substrate

Electrolyte

Ref

Gold coated silicone
wafer
gold/silicon nitride
substrate coated by
cystaminium
dichloride
HOPG

Phosphate buffer
(pH 7.4)
Phosphate buffer
(pH 7.0) with
2.5%
glutaraldehyde
5 mM [Fe(CN)6]4/3in 50 mM KCl

133

Polycarbonate
membrane

Phosphate buffer
(pH 7.4)

188

HOPG, mica and
gold surface

Phosphate buffer
(pH 8)

189-

HOPG, MoS2,
[Ru(NH3)6]3+/2+
template stripped
Au, and template
stripped Pt
Fabricated: commercial PtIr- Quartz glass coated
25 mM Kbr and
coated AFM probe with a
with PEI and heparin 0.1M phosphate
lead wire soldered and Ti
buffer (pH 7.4)
coated
Fabricated: Silicon nitride
probe with Pt embedded tip

186

187

193

194

195

Table 1.7 Summary of AFM-SECM Application
AFM-SECM Mode

Application

2009

N.A.-Contact

Directing cell growth along
fibronectin patterning

2016

Not mentioned

Probing interface between
living cell and polymer
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Year

Tip
In Life Science
Fabricated: commercial PtIrcoated AFM probe with a
lead wire soldered and Ti
coated
Fabricated: Silicon nitride
probe with Au-coated
colloid glued tip.

Substrate

Electrolyte

Ref

Quartz glass coated
25 mM Kbr and
with PEI and heparin 0.1M phosphate
(or albumin)
buffer (pH 7.4)

196

Polymer coated gold
substrate

197

10 mM
[Ru(NH3)6]3+ and
0.1m KCl

1.4.3.1 Applications in Material Science. AFM-SECM has been demonstrated as a
powerful tool in material science for imaging composite material surfaces exhibiting
electrochemically active sites, such as dimensionally stable anodes

167

, noble metal

nanoparticles 166, functionalized electrodes 175, and soft electronic devices 147. AFM-SECM
enables the identification of these active sites individually from the morphology image
whilst measuring their electroactivity from the current image.
1.4.3.1.1 Noble Metal Nanoparticles
Noble metal nanoparticles (either in the form of nanostructures on surfaces or isolated
objects) have attracted increasing research interests because their ease of functionalization
by self-assembling of bio or organic functional layers onto their surfaces. Characterization
of the chemical and physical properties of these materials is essential to understand their
fundamental mechanisms in targeted applications. Conventionally, such a characterization
was performed using approaches such as cyclic voltammetry
impedance spectroscopy

59

, electrochemical noise methods

60

57, 198

, electrochemical

, and that only provide

average properties of the samples, but failed to unravel the disparity of the properties which
may exhibit unique individual characteristics. Demaille et al. successfully utilized AFMSECM to simultaneously measure the electrochemical and topographic properties of a
serial of gold nanoparticle/nanodots based substrate surfaces

166-172

. For example,

individual gold nanoparticles (~20 nm) functionalized with redox-labelled polyethylene
glycol (PEG) chains (a molecular layer of nanometer-sized PEG chains end-labelled by a
redox ferrocene group) were imaged by AFM-SECM

166

. The individual nanoparticles

position and their sizes were resolved, while the electrochemical activity of the grafted
redox-PEG chains were simultaneously imaged (as shown in Figure 1.2a). Moreover, the
41

dual measurements of the current response and the size of individual nanoparticles enabled
determination and correlation of the statistical distribution of the PEG grafting density on
the gold nanoparticles to the nanoparticle diameters. In a recent example, the same group
designed an electrochemically readable molecular nanoarray platform by combining the
AFM-SECM with dense nanodot arrays

167

. Molecular assays have evolved to be a

universal tool for a wide range of applications, especially in genomics and proteomics.
They first prepared a molecular nanoarray by grafting ferrocene (Fc) labelled PEG disulﬁde
chains onto a high density nanoarray of single grained gold nanodots (created by a highspeed electron beam lithography-based process). Then, they evidenced that the AFMSECM can electrochemically interrogate several hundreds of individual nanodots in a
single image acquisition (Figure 1.2b).

42

Figure 1.2 (a) Topography and current images of a gold surface bearing a high-density
random array of ∼20 nm Fc-PEGylated gold nanoparticles by AFM-SECM.
(b) Simultaneously recorded topography and tip current images of a gold nanodot array. A
vertical white dotted line is shown to indicate cross sections of the images taken along the
column of nanodots.
Source: The figures are adapted from Ref. 166 Copyright (2013) American Chemical Society and Ref.
Copyright (2017) American Chemical Society

167

1.4.3.1.2 Electrode Interface
AFM-SECM may play an important role in energy-related studies, such as investigations
of electrode/electrolyte interfaces 199-201, degradation, anodes and cathodes passivation 202,
203

. For example, photoelectrochemical water-splitting (PEC) is a promising technology to

reduce greenhouse gas emission in which hydrogen is generated from water using sunlight
and specialized semiconducting photoelectrodes. In a typical PEC system, catalysts for
water splitting half-reactions are placed in electrical contact with the photoelectrodes, and
the contacting interface is required to provide sufficient mechanical catalyst attachment to
the surface and efficient pathway for charge flows. Brunschwig et al. investigated the
mechanical and electrical properties of individual electrolessly deposited Pt-NPs on
Si(111) surfaces via AFM-SECM 175. As shown in Figure 1.3, both Peakforce tapping and
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lift modes were run in the measurement, and topography (Figure 1.3a), tip-contact current
(Figure 1.3b) and electrochemical current (Figure 1.3c) were correlated simultaneously
to allow comparison between different Pt NPs.

Figure 1.3 AFM-SECM imaging of Pt nanoparticles electrolessly deposited onto p+‐Si
substrate: (a) Surface topography. (b) Tip‐contact current captured during the main scan.
(c) Electrochemical current captured during the following lift scan.
Source: The figure is reprinted from Ref. 175 with copyright permission.

Elasticity mismatch is a critical factor for the durability of the soft electronic
devices for biosensor transducer, selective drug-delivery, or neural implants. Therefore,
the nanomechanical properties characterization is crucial for high performance soft
electronic device design. Kranz et al.

147

combined the AFM with SECM in a Peakforce

tapping mode to simultanously mapping electrochemical, nanomechanical as well as
topographical informations of gold microelectrodes and gold electrodes patterned
polydimethylsiloxane. The AFM-SECM probes were self-fabricated from silicon nitride
probes, which were further modiﬁed with a Ti/Au coating before insulated with mixed
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silicon dioxide/silicon nitride layers. As evidenced in Figure 1.4, 3D topography, faradaic
current and tip-sample adhesion images of a soft gold ultramicroelectrode were
succussfully aquired in a single AFM-SECM measurement.

Figure 1.4 AFM-SECM imaging of a gold electrode pattered onto a polydimethylsiloxane
substrate. (a) 3D topography of the structure overlaid with Young’s modulus; (b) Tipcurrent image; and (c) tip-sample adhesion image.
Source: The figure is reprinted with from Ref. 147 Copyright (2016) American Chemical Society.

1.4.3.2 Applications in Life Science.

Processes in life sciences are often associated

with diffusional processes and redox chemistry. Conventional SECM has been a popular
characterization tool for complex samples (e.g., cells, tissues and bacteria)

204, 205

.

Therefore, undoubtedly, AFM-SECM also offers unparalleled capabilities for nanoscale
imaging in life science research. For instance, AFM-SECM could not only release the

45

structural and mechanical properties, but also investigate the real-time protein-protein
interactions.
1.4.3.2.1 Catalytic Activity of Enzymes
Early applications of AFM-SECM in the life science field were usually investigations of
enzyme activity on surfaces, which is conventionally measured by SECM. Compared to
SECM, AFM-SECM substantially increases the imaging resolution from a micrometer
scale to a nanometer scale and even single molecule resolution. Simultaneous contact and
tapping mode imaging of immobilized enzyme samples was first demonstrated a decade
ago by Kranz et al. (Figure 1.5)

133, 186

. For example, they simultaneously acquired the

topographical and electrochemical properties of glucose oxidase in a soft polymer matrix
using the tapping mode of AFM-SECM (Figure 1.5a). The AFM-SECM probe was
fabricated using micromachining techniques by coating a 100 nm thick gold layer on a
conventional Si3N4 cantilevers and subsequently insulated with a xylylene polymer layer
(700 nm thickness). Negligible current was recorded when no glucose was added in the
solution (Figure 1.5a3), indicative of no enzymatic activity. In contrast, an increased
current was observed in the presence of glucose (Figure 1.5a6), which was attributed to
the localized formation of H2O2 when the tip scanned across the polymer matrix containing
glucose oxidase. The current image provided the current intensity and distribution at
different glucose oxidase locations, which corresponded well to the polymer pattern in the
topographical image. In another example, they utilized the same AFM-SECM probe to
study peroxidase activity immobilized on a protein gel spots. Similarly, no observable
current was recorded in absence of the substrate (H2O2) in the solution because no
enzymatic reaction occurred (Figure 1.5b2). However, periodical patterns in the current
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image (Figure 1.5b4) with the addition of substrate revealed the changes of enzyme
activity as result of the conversion of an enzymatic byproduct (ferrocinium
methylhydroxide), and the measured patterns correlated well with the protein gel spots
displayed in topographical image (Figure 1.5b3).
Enzyme activity measurement was also reported by Hirata et al. on glucose oxidasebased biosensor surface 187. The AFM-SECM probe was prepared by first coating gold film
on a commercial AFM probe and then isolating with a photoresist layer. An enzyme
electrode was prepared on a polyelectrolyte thin film by successive layers of glucose
oxidase/polystyrene sulfonate/poly-L-lysine on a HOPG surface. A dynamic force
microscopy technique with magnetic field excitation was used to operate the AFM-SECM
probe for precise probe positioning. Topography and oxidation current profiles of the
enzyme electrode surface was successfully obtained. They also observed remarkable
increase in oxidation current with substrate glucose addition. Moreover, the high-resolution
current image revealed aggregation, grain, and membrane defect which were not
identifiable in the topographical image. Both images together enabled high-resolution
visualization of the biomolecular activity and analysis of the biosensing stability.
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Figure 1.5 (a) Simultaneously acquired height (first column), amplitude (middle column)
and current images (last column) of the enzyme-containing periodic polymer.
(b) Topography and current images of peroxidase activity.
Source: The figure is reprinted with copyright permission from Ref. 133 and Ref. 186.

1.4.3.2.2 Characterization of Cell (Membranes) and Proteins
AFM-SECM has also found increasing applications in the characterization of cells, virus,
and proteins 64, 206-208. For example, the interface characterization between living cells and
functional scaffold substrates is the focus of a wide range of life science applications in
order to understand spreading, adhesion, proliferation, migration and diﬀerentiation of cells.
Higgins et al.

197

fabricated a polystyrene sulfonate (PPS) and poly-3,4-

ethylenedioxythiophene (PEDOT) coated conductive colloidal AFM-SECM probe to
measure the single cell force in mouse ﬁbroblasts and investigated single cell interactions
under different applied electric potentials. When compared to other AFM-based single cell
force spectroscopy techniques, the as-prepared AFM-SECM probe not only enabled rapid
adhesion measurements at the cell-biomaterial interface on multiple cells, but also varied
the polymer adhesion behavior by applying different potential biases. Moreover, spatially
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resolved electrochemical information such as oxygen reduction was simultaneously
obtained.
Another interesting study by Nishizawa et al. utilized AFM-SECM as a biolithography technique to electrochemically draw micro patterns of biomolecules

195, 196

.

Precise patterning of biomolecules on a substrate surface with maintained biological
functionality is crucial for a range of biological applications. This study fabricated an
AFM-SECM probe by converting the tip of a commercially available AFM cantilever
probe into an electrode and used a contact AFM mode to generate etching agent
(hypobromous acid) at the tip for locally etching away a protein-repellent layer covered on
a glass slide (Figure 1.6). The resultant 2~3 nm deep etched area acted as protein-adhesive
sites, and promoted subsequent precise adsorption of fibronectin, and the formation of a
fibronectin pattern with a diameter of 2 μm which is one order of magnitude smaller
compared to their previous results.

Figure 1.6 Illustration of AFM-SECM as a biolithography technique to electrochemically
draw micro patterns for protein adsorption.
Source: The figure is reprinted from Ref. 195 with copyright permission.
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Viruses are fascinating nanomachines that have been used for applications such as
nanocontainers in enzymatic catalysis and nanovectors for drug delivery

190, 191

. As

traditional virus mapping techniques such as TEM often alter the virus structure during the
characterization process, Demaille et al. 190 employed AFM-SECM for in situ mapping of
the lettuce mosaic virus (LMV), a filamentous plant viruses, which was preserved in the
live state during the imaging process. The virus particles were first immobilized on a gold
substrate and then immunomarked with redox ferrocene (Fc)-PEG chains. Then, the
tapping mode AFM-SECM was performed to acquire tip current and topography images
(Figure 1.7a), which enabled the identification of the isolated virus particles the protein
(red spots in Figure 1.7b and c), which was marked by redox antibodies. This study makes
AFM-SECM an attractive tool for the characterization of both the topography and the redox
activity of functionalized viruses at individual virus particle scale.
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Figure 1.7 Local AFM-SECM imaging results of coat proteins marked lettuce mosaic virus
immobilized on a gold substrate. (a) topography and (b) tip current images. (c) 3D format
of the tip current image which better show the string of current spots “borne” by the viruses.
(d) Cross information of the topography and tip current images obtained along lines on the
viruses from (a) and (b). (e) 3D titied views of the topography and tip current images.
Source: The figure is reprinted from Ref. 190. Copyright (2015) American Chemical Society.

1.4.3.2.3 Transportation Characterization
The characterization of molecular transport behavior through cell membrane at single-cell
level remains a major challenge in cell physiology. Kranz et al.

188

demonstrated the

utilization of AFM-SECM for high-resolution imaging of glucose transport through
cellular membranes. Biological recognition element (e.g., glucose oxidase) was first
immobilized onto the electrode surface of an AFM-SECM probe. This enabled the
enzymatic conversion of the electroactive and inactive species formed at the sample surface
by self-assembled thiol monolayers with reactive head groups. Dynamic mode of AFM and

51

generation/collection mode of SECM were both carried out for the imaging process. When
glucose diffused through membrane pores towards an immobilized oxidase layer, the
glucose was converted to gluconolactone (Figure 1.8a). The resulting current was
measured by oxidation of an enzymatically generated by-product of H2O2 at the AFMSECM tip. The tip current can further be translated into an actual (local) glucose
concentration experienced by the probe, simply by pre-calibrating the response of AFM
probe/microsensor to glucose (Figure 1.8b). Simultaneous measurement of topography
and current images were realized as shown in Figure 1.8c and 1.8d. Furthermore,
horseradish peroxidase deposited on the AFM-SECM probe surface was shown to enable
simultaneous imaging of the topography of an individual micro-structured disk electrode
and the local electrochemical activity.

Figure 1.8 (a) Schematic illustration of reactions for glucose detection with a glucose
oxidase-based biosensor. (b) Glucose calibration of an AFM-tip-integrated biosensor. (c)
Topography and (d) current images of glucose transporting through a porous polycarbonate
membrane.
Source: The figure is reprinted with copyright permission from Ref. 188.
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1.4.3.3 Applications in Chemical Process. Early

demonstrations

focused on the study of crystal dissolution processes such as calcite
ferrocyanide trihydrate crystals

76

of
180

AFM-SECM
, or potassium

. Fundamental understandings of crystallization or

dissolution processes occurring at liquid/solid interfaces are of key importance for a wide
range of chemical reactions. Macpherson et al. 180 proposed an attractive approach to study
the initial stage of a dissolution process by applying a controlled transient perturbation to
the solution and then record the resulting topography variations before and after the
perturbation. For example, KBr crystal dissolution in a KBr saturated acetonitrile solution
was electrochemically induced through oxidation of bromide to tribromide, which perturbs
a dynamic dissolution/growth equilibrium at the crystal/solution interface. The tip current
was recorded in the SECM configuration as a function of tip-substrate distance and time to
determine the dissolution rate, while in situ topographical measurements by the
electrochemically active AFM tip (operated in contact mode) permitted the identification
of structural changes that accompany the dissolution process. Though only a topographical
image was obtained, without electrochemical current images this work demonstrated the
ability of AFM-SECM to induce and visualize surface dissolution reactions and to measure
the corresponding kinetics.
Characterization of surface corrosion is also another application area of AFMSECM for chemical processes

158, 181-185

. Gaining fundamental insight into corrosion

processes requires spatially resolved information on morphological changes associated
with electrochemical processes occurring at the metal/liquid interface. For example, copper
is a widely used metallic material with extensive application in heat exchangers or
electronics. The metal copper has excellent resistance towards corrosion even when
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exposed to high moisture environment due to formation of patina of multi-layered oxides
on its surface. However, local degradation may still occur on this passive layer when
presented in chloride containing environments, particularly under acidic conditions.
Therefore, the study of copper corrosion process is significant in material sciences to better
predict and prevent its degradation. Kranz et al. 185 used AFM-SECM to monitor surface
corrosion of pure copper in acidic chloride solution. They fabricated a recessed AFMSECM probe by modifying a commercial silicon nitride cantilever with a layer of sputtered
gold and then depositing a silicon nitride layer through chemical vapor deposition.
Generation/collection mode was used for SECM imaging, and contact mode for AFM
imaging. The release of Cu2+ ions was recorded via electrochemical reduction and
collection of the metal ions on the conductive frame of the AFM-SECM probe.
Simultaneous detection of the topographical changes resulting from the corrosion process
enabled the distinction and correlation of local passivation and pitting phenomena.
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Figure 1.9 (a,b,d) Topography and (c) current images recorded by AFM-SECM at different
scanning dimentions, (e) Current response of AFM-SECM probe (red line, right axis) and
copper substrate (black line, left axis).
Source: The figure is reprinted with copyright permission from Ref. 185.

1.4.4 Summary and Outlook on AFM-SECM Technique
The present literature review has provided an overview on the latest research progress of
AFM-SECM, including AFM-SECM principles, probe design, operation modes, as well as
applications in various disciplines or fields. Obviously, after nearly 20 years of the first
successful demonstration of AFM-SECM, this hybrid technique has fulfilled its initial
promise of simultaneous topography and electrochemistry imaging and continue to show
its exciting potentials in emerging applications. However, AFM-SECM has still be
considered as a highly specialized techniques and only applied by a small research
community. Some notable challenges of AFM-SECM should be addressed to realize its
full potentials.
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The first major challenge lies in the cost, reliability and durability of the combined
AFM-SECM probes. Though the combined probe is essentially an AFM probe with
ultramicroelectrode incorporated at or close to its tip, the fabrication process is complex,
time-consuming, and require sophisticated microprocessing equipment. The majority of
the AFM-SECM probes reported so far are self-designed/fabricated and their reliability
and durability are often limited or poorly characterized or tested. Commercial probes have
become available only recently, but the cost and durability are still significantly more than
standard SECM or AFM probes. It can be expected that further development of
microprocessing techniques will greatly assist the mass production of AFM-SECM probes
with low cost, excellent reliability and long lifetime, thereby encouraging more researchers
to use AFM-SECM.
Another challenge is the further advancement of the AFM-SECM imaging
resolution. Despite enhanced-spatial-resolution imaging capability has been achieved by
the sharpened probe tip, the characterization images from AFM-SECM are still far from
revealing the ultimate single molecule resolution or information. For example, though
submicron scale imaging of local enzyme activity has been demonstrated 133, 186, the local
enzyme spots imagined by AFM-SECM still represented a large number of enzyme
molecules instead of single enzyme molecular. Further probe miniaturization may help
increase the AFM-SECM imaging resolution, and thus is expected to reveal more accurate
individual properties of the nanosystem.
Finally, as evidenced in Subsection 1.4.2.3, only a few studies have dedicated to
the theoretical simulation of the AFM-SECM probe current response, likely due to the
more complex geometry of the AFM-SECM probes compared to conventional SECM
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probes. The conventional SECM probe simulations have been mostly performed in an
axisymmetric 2D space 152 using theoretical models of finite difference method 209, finite
element method

210

, or boundary element method

211

. Apparently, more research efforts

should be devoted to the modeling of the AFM-SECM probes to provide better guidance
to a robust AFM-SECM probe design and fabrication.
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CHAPTER 2
COLLOIDAL CHEMISTRY AND CONTACT MECHANICS ANALYSIS OF
REACTIVE NANOBUBBLES
Chapter 2 employed the injection of high-pressure gases through a hydrophobized ceramic
membrane to produce different gaseous NBs (e.g., N2, O2, H2 and CO2) in water, which is
different from cavitation bubbles with potential internal low pressure and non-condensed
gases. The results indicate that increasing the injection gas pressure (60–80 psi) and
solution temperatures (6–40 oC) both reduced bubble sizes from approximately 400 to 200
nm, which are validated by two independent models developed from the Young-Laplace
equation and contact mechanics. Moreover, the colloidal force model can also explain the
effects of surface tension and surface charge repulsion on bubble sizes or internal pressures.
The contact mechanics model incorporates the measurement of the tip-bubble interaction
forces by atomic force microscope (AFM) and reveals the internal pressures and the
hardness of NBs (e.g., Young’s modules) that vary slightly with the types of NBs. Both
colloidal force balance model and our contact mechanics model yielded consistent
prediction of the internal pressures of various NBs (120 psi-240 psi). The developed
methods and model framework will be useful to unravel properties of NBs and support
engineering applications of NBs (e.g., aeration or ozonation).

2.1 Background and Challenges
2.1.1 Properties and Applications of NBs
Micro/nanobubbles (MNBs) are ultra-small or ultrafine gas bubbles in diameter of <1 μm
in liquid.212 MNBs can be generated in many processes such as spiral-liquid-flow,213
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venture tube nozzles,214 cyclic pressurization and depressurization,6 ejector type
generator,215 porous membrane generator212,

216

and electrolytic generation.217,

218

Specifically, NBs present unique characteristics that bulk bubbles (macro-bubbles) do not
have, primarily including a high specific area (surface area per volume) and a long
residence time in water due to their low buoyancy and high stability against coalesces,
collapse or burst.219 NBs have a higher efficiency of mass transfer compared to bulk scale
bubbles due to the high specific surface areas.7, 8 The high specific surface also facilitates
physical adsorption and chemical reactions in the gas liquid interface. The collapse of NBs
creates shock waves, which in turn, promotes the formation of hydroxyl radicals (•OH), a
highly reactive oxidant that non-specifically reacts with and decomposes organic
matters.14-16
MNBs have proven useful in many industrial and engineering applications, ranging
from emulsion technology for chemical processing, pharmaceutical manufacturing,
detergent-free cleaning,218 water aeration,2 ultra-sound imaging,220 intracellular drug
delivery,9 mineral flotation,221 water and wastewater treatment222, 223 to seed germination
and plant growth.47-49, 212 For example, ozonation in water has strong antimicrobial effects
against bacteria, fungi, protozoa, and viruses,224 and has broad applications in
pharmaceutical,225 food,226, 227 cosmetic228 and medical fields.229, 230 However, dissolved
ozone concentrations in liquid reduce rapidly since it decays fast with a half-life time of
approximately 20 min, especially at higher temperatures. Also, ozone is about 12 times less
soluble in water than chlorine, which limits its comparative effectiveness at equivalent
doses against target pollutants, such as persistent bacterial spores or cysts. By contrast,
ozone NBs have significantly higher stability compared to regular dissolved ozone. The
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increased hydraulic retention time permits the controllable release of ozone molecules and
ensure stable dissolved ozone concentrations for reactions or antibacterial activity.
Additionally, bacteria inactivation and removal by ozone or other NBs can also be
attributed to the formation of hydroxyl radicals or other reactive species especially during
collapse or burst.231 Bacterial removal can be improved by the burst of high intensity
number and smaller size of bubbles near the water surface in the bacterial suspension.232
Ozone microbubbles caused 99.99% inactivation of E. coli cells with a lower ozone dose
than bulk ozone bubbles.233, 234 In addition, ozone MBs are effective against other types of
bacteria such as Bacillus subtilis spores and Cryptosporidium parvum.231 Furthermore,
combinations of NBs with UV irradiation or ultrasonication may boost up radical formation
and improve disinfection power of NBs.8, 235, 236
2.1.2 Colloidal Stability and Its Contributions from Mechanical Properties of NBs
Colloidal stability of bulk NBs in liquids usually refers to the longevity of stable bubble
sizes and size distribution, which is reported vary from a few hours to days or even
months.237, 238 It still remains largely debatable in the scientiﬁc community whether and
how NBs are stabilized in liquids, despite that many theories were proposed such as the
interplay of internal gaseous pressure and surface tension.239 Surface tension is a strong
localized stress parallel to the liquid/air interface, where the cohesive attraction force
between liquid molecules is greater than the adhesive force between air molecules.239
According to the Young-Laplace equation,237 NBs with a radius of 200 nm may have an
extraordinarily high internal pressure of 728 kPa. Thus, the lifetime of the bubbles is
believed to be extremely short (e.g., microseconds to milliseconds240) as the high internal
gas pressure should lead to instant dissolution of the gas into the bulk solution.241 On the
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other hand, some studies indicate that the gas pressure inside NBs may be lower than the
predicted.237, 242, 243
The unusual stability of bulk NBs in liquid could be attributed to many potential
factors such as surface coating,244,

245

high surface zeta potentials,246,

247

formation of

surface barriers,248-250 and high density mechanism.251, 252 For example, surface adsorption
of organic substances (e.g., sodium dodecyl sulfate and dodecyl tri- methyl ammonium
chloride)253 or other amphiphilic particles in liquid can lower the surface tension and
stabilize the NBs.244 According to the DLVO theory, NBs are usually negatively charged
(-15~-45 mV) in water at neutral pH and thus could be stabilized due to the electrostatic
repulsion between neighboring NBs.246, 247 The electric double layer may also prevent the
gas transfer and bubble coalescence.253,

254

Moreover, the presence of anions (e.g.,

hydroxide ions) on the NB surface reduces surface tension of water, resulting in a lower
internal pressure of NBs than the prediction by the Young-Laplace equation.237 Ke Shuo et
al. revealed that bulk nitrogen NBs are more stable in alkaline solutions than in water of
low pH or high salinity.255 The isoelectric point of the air NB surface is in a pH range of
3−4, and thus, under alkaline conditions, NBs carry greater negative charges and
experience greater electrostatic repulsion, which may counteract the outbound force from
the Laplace pressure inside NBs.253, 256
More recently, studies indicate that a strong hydrogen bond may form among water
molecules on the surface of bulk NBs under a gas supersaturated environment.248-250 This
hydrogen bonded water layer acts as a tight network of “skin” that reduces the diffusivity
of gas from NBs.257 One interesting phenomenon is that water suspension of NBs is usually
saturated or even oversaturated with the corresponding gas molecules.258,
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The

oversaturation may lead to a dynamic balance or equilibrium of the outbound and inbound
diffusion fluxes of the gas. Moreover, the gas molecules trapped inside surface NBs are
suspected to be highly condensed (1~3 orders of magnitude higher than that under the
standard pressure and temperature) and thus may not follow the ideal gas law.260, 261 Thus,
the liquid/gas interface of NBs in liquid deserves systematic research to unravel unique
mechanisms for their colloidal stability. Wang et al. employed the spectroscopic force
measurement and observed that the surface of a NB is kinetically stable against high
internal pressures and the gas-water interface has great diffusive resistance.262
2.1.3 Characterization of NBs
Characterization of the unique colloidal and chemical behavior of NBs has always been
challenging due to the small bubble sizes in liquid. Dynamic Light Scattering (DLS) or
Laser Diffraction techniques have been used for the size distribution of bulk NBs in
liquid.212, 216, 237 Laser-Doppler microelectrophoresis is used to measure zeta potential,212,
216, 263

while Nanoparticle Tracking Analysis (NTA) seems the only way to measure the

numerical concentration or density of bulk NBs.218, 244 While cryo-TEM was among the
early techniques that provided visual evidence of NBs in liquid,264, 265 recent work also
employed atomic force microscope (AFM)255, 266 and fluorescent confocal microscope to
investigate the morphology of NBs in various liquids (e.g., water containing rhodamine
6G,267 water containing NaCl268). Moreover, the reactivity and electrochemistry of surface
NBs at the electrode surface were studied using cyclic voltammetry to analyze mechanisms
of bubble nucleation, growth, and stability.269
AFM is a powerful technique to study the surfaces of soft samples such as live
biological cells.1, 270, 271 Intermolecular forces between probe tip and cell surface could
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reveal many material properties (e.g., adhesion, cell stiffness, cell elasticity and
cytoplasmic turgor pressure).1,

270

For example, the Young’s modulus of the studied

material could be probed by AFM to indicate stiﬀness or elasticity based on the Derjaguin,
Muller, Toropov (DMT) model. Similarly, Hooke's law was applied to determine the
pressure inside the bacterium, the turgor pressure inside the bacterial cytoplasm that
produces an outbound pressure and provide mechanical strength of bacterial cells.1, 270
Moreover, AFM was also performed to analyze surface NBs and nanodroplets, which are
distinguished by their different morphology (e.g., water/air contact angles), force curves or
responses to different tip-surface interaction forces. .267, 272, 273 A recent study employed a
sharp AFM probe (DNP-10, Bruker) with a nominal spring constant 0.35 N·m-1 to fully
penetrate a single NB and contact the highly ordered pyrolytic graphite (HOPG)
substrate.261 The measured adhesion force between the probe tip and the HOPG surface
(0.7 pN) was smaller than that (4.6 pN) directly measured in air with the same AFM probe,
which implied that the gas density of NBs near the substrate was up to 2~3 orders of
magnitude higher than that under the standard pressure and temperature according to the
van der Waals force theory. Shuo W. et al. used molecular simulation to discover that the
gas layers of NBs near the substrate exhibited a high-density state.261, 274
Understanding colloidal stability and other properties under environmentally
relevant conditions is crucial for many potential engineering applications of NBs (e.g.,
aeration or ozonation). This study evaluated the effects of internal gas pressure and solution
temperature on bubble size distribution and mechanical properties of NBs in water. We
generated different gaseous NBs in water via a hydrophobized porous ceramic membrane
using compressed gases as we reported previously.275, 276 Dynamic light scattering (DLS)
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and AFM were used to measure the bubble sizes, zeta potential, the Young’s modulus and
stiffness of NBs. Furthermore, the bubble concentration were analyzed using Nanoparticle
Tracking Analysis (NTA) to provide new insight into the longevity of NBs in liquid.
Finally, this work employed two novel modeling approaches to analyze the bubble size
dependence on internal pressures of NBs and solution temperatures, among many other
parameters that could be interpreted by the models. One model was established based on
the modified Laplace-Young equation that considers colloidal forces acting on the
water/gas interfaces of NBs, whereas the other model was built upon the contact mechanic
theories. The two model predictions have been successfully validated with experimental
data and reached coherent predictions on the internal pressures of NBs.

2.2 Materials and Methods
2.2.1 Production and Characterization of NBs in Water Under Different Injection
Gas Pressures and Different Storage Temperatures
Nitrogen nanobubbles (N2 NBs), oxygen nanobubbles (O2 NBs), hydrogen nanobubbles
(H2 NBs), and carbon dioxide nanobubbles (CO2 NBs) were separately generated by
injection of their compressed ultra-high purity gases (99.999%, Airgas Inc.) through a
tubular ceramic membrane (140 nm pore size, MSKTB01014UM, Sterlitech, U.S) into
deionized (DI) water at room temperature. The outer surface of the tubular ceramic
membranes was coated with stearic acid (octadecanoic acid) as detailed elsewhere.275 The
gases were dispersed via the ceramic membrane into 500 mL of DI water continuously for
90 min under a flow of 0.45 L·m-1 to reach stable bubble size distribution in water, as we
reported previously.212 The pressure of the injection gas flow was adjusted by cylindercompatible regulators in a range between 60 psi (~414 kPa) and 80 psi (~552 kPa). To
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investigate the effect of temperature on size distribution of NBs in water, O2 NBs and N2
NBs were generated in DI water as mentioned above and stored in sealed sample tubes as
shown in Figure 2.1 (without exposure to room light). The DI water was pre-cooled or
preheated under different temperature (6oC, 20 oC and 40 oC). The bubble size distribution,
zeta potential and bubble number concentration were measured at different times (e.g., 12 months).

Figure 2.1 O2 NBs and N2 NBs kept in sealed sample tubes.

Dynamic light scattering (DLS) on a Zetasizer Nano ZS instrument (Malvern
Instruments) was used to measure the bubble size distribution of the water suspension of
NBs immediately after preparation. The same Zetasizer Nano ZS instrument was used to
measure the zeta potential (ZP) of NBs. Furthermore, the concentrations of NBs in water
was measured by the nanoparticle tracking analysis (NTA) (NS300, NanoSight instrument)
with a 532 nm laser light source.27 This NTA was equipped with a 20× magniﬁcation
microscope and a high-speed camera. Each result was obtained from the average of ﬁve
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measurements, and each measurement was last for 60 s. The camera level was usually set
at 10, the threshold was set at 30 and the solution viscosity was 1 centipoise (1 centipoise
= 10-2 P = 10-3 Pa·s). The concentration of NBs was counted and obtained by the
nanoparticle tracking analysis software (Nanosight NTA 3.2).
2.2.2 Modeling Analysis of Colloidal Stability of NBs in Water
According to our previous study,275 the suspended or bulk NBs in water could be stabilized
by the outbound and inbound pressures from a number of interfacial forces. The outbound
pressure (Pout) is ascribed to surface charge repulsion and internal gas pressure (Pint).

Pout =

s2
2 × D ×e0

+ Pint

(2.1)

Where D is the relative dielectric constant of the gas bubbles (assumed unity) and
σ is the surface charge density (C·m-2), which is calculated by the Gouy-Chapman equation
when zeta potential is less than 80 mV:212

s=

e ×e0
× z × éë(1+z / r ) ùû × exp(- z / lD )
lD

(2.2)

Where ε0 is the dielectric permittivity of a vacuum, 8.854×10-12 (C·V-1·m-1), ε is the
dielectric constant of water, 80.36 (20 oC), ζ is the zeta potential of NBs (V), z is the
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distance from the particle’s surface to the slipping plane (0.335 nm), r is the bubble radius
(nm), and λD is the Debye length (nm).275
The surface tension pressure of NBs (Pr) exerted from the surrounding water
molecules, the atmospheric pressure (P0), and the water head pressure (Ph) contribute to
the inbound pressure (Pin):

(2.3)

Pin = Pr + P0 + Ph

Pr =

(2.4)

2 ×g
r

Ph = r × g × h

(2.5)

Where γ is the water surface tension (72.80 mN·m-1 at 20 °C),277 r is the radius of
NBs (m), g is the gravity acceleration (9.80 m·s-2), ρ is the density of water (kg·m-3), and
h is the height of water (m). When the bulk NBs are stabilized in water (i.e., Pin = Pout),
their radius can be related to the NB’s internal pressure and other factors:

2

Pint =

æ e ö e0
2 ×g
+ ( P0 + r × g × h) - z 2 ç
÷
r
è lD ø 2 × D

(2.6)

By measuring the colloidal properties such as bubble’s hydrodynamic radius (r) and
zeta potential (ζ) of NBs, we could potentially estimate or predict the internal pressures of
NBs (Pint). This model equation, however, assumes that NBs are at a quasi-steady state
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without significant dissolution or other forms of changes that destabilizes their sizes or
internal pressures, which was achieved in our experimental condition where NBs were
produced and stored in sealed gas-saturated solutions with minimum disturbances or
agitation.
2.2.3 Visualization and Mechanical Properties Assessment of NBs in Water
2.2.3.1 Visualization of Surface NBs by AFM.

Silicon wafers (∅3” Silicon wafer,

Type P/<111>, TED PELLA) were used as substrates to produce surface N2 and O2 NBs
that were first produced in water under an injection pressure of 60 psi at 20 oC. To deposit
NBs on silicon substrates, we dropped 0.15 mL of the NB water droplet onto the clean
substrate surface and waited for about 10 minutes to allow the NBs to attach to the substrate
surface, which was placed under the AFM instrument. We used PeakForce quantitative
nanomechanical mapping (PF-QNM) on a Dimension Icon AFM instrument (Bruker, Santa
Barbara, CA) with NanoScope version 9.4 software and NanoScope V to analyze the
topography and mechanical properties of surface NBs in liquid. Silicon nitride cantilevers
(scanasyst-fluid, Bruker) with a nominal tip radius of 20 nm and a nominal spring constant
of 0.7 N·m−1 were used to directly immerse into the droplet and sweep the surface NBs at
a scanning rate of 1 Hz to avoid tip-sample interactions or induce any bubble deformation,
as a bubble-height decrease was observed when the scan rate was high (e.g., 50–100 Hz).275
The set point was carefully selected to yield a low loading force (500 pN) that applied to
the surface NBs.237, 278 The spring constant of the cantilever was calibrated via thermal
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tuning after deflection sensitivity calibrated by a PF-QNM Ramp on silicon surface in
water. The calibration of the spring constant was carefully performed before experiments.
2.2.3.2 Mechanical Property Assessment of NBs in Water.

The

two

common

contact models, Derjaguin-Muller-Toporov (DMT) and Johnson-Kendall-Roberts (JKR),
are typically used to calculate the Young’s modules and stiffness of soft or deformable
materials such as living cells and colloids.273, 279-283 A sharp AFM probe was used to
compress a local sample surface to induce the indentation (δ) as illustrated in Figure 2.6a284
The internal pressure of the soft sample body can be calculated by Equation (2.7), where
the loading force (Floading) is the compression force that the AFM probe tip exerts on the
sample surface and a is the radius of the spherical contact area, which is related to the
indentation (δ) and the AFM tip radius (R) in Equation (2.8) according to the contact
geometry shown in Figure 2.6b. Floading was controlled by AFM at a level of 500±50 pN
and δ was directly read from the force-distance curve. Thus, the internal pressure of NBs
can be calculated by the applied loading force (Floading) and the corresponding indentation
(δ). It is worth noting that in addition to the internal gas pressure, surface tension force
(~5×10-5 pN) may also contribute to the force balance with the applied loading force.
However, compared to the loading force, this surface tension force is negligible.
Furthermore, the Young’s modulus of NBs could be calculated by Equation (2.9).285, 286

Pint =

Floading

p ×a

2
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(2.7)

( R - d )2 + a 2 = R 2

d=

a 2 2 6 × p ×W × a
R 3
E*

Fadh =

3 × p × R ×W
2

(2.8)

(2.9)

(2.10)

Where W is the adhesion energy per unit area (J·m-2) and E* is the reduced Young’s
modulus (MPa). W could be calculated by Equation (2.10) with the tip-sample adhesion
force (Fadh) read directly from the force-distance curve. Rearranging Equations (2.9) -(2.10)
leads to Equation (2.11), which corresponds to the JKR model. By contrast, the DMT
model in Equation (2.12) has a slightly different form relating the Young’s modules to the
interface forces and indentation.
After the determination of the reduced Young’s modulus (E*), the sample’s
Young’s modulus (Es) was calculated by Equation (2.13), which shows that E* is related
to the Poisson’s ratios (υs and υT) and the Young’s moduli (Es and ET) of the sample and
tip, respectively. Since the AFM probe has ET of typically 160–290 GPa, which is
significantly greater than that of NBs, the deformation of the tip could be neglected when
engaged against the NB’s surface. Thus, Equation (2.13) is simplified to allow the
determination of samples’ Es with E*.287
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E* =

(2.11)

Fadh × R × 2 × R - d
9 × d 3/2 × ( R - d )
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To ensure reproducibility and accuracy of the experimental results (e.g., the forcedistance curves obtained from the tip-NB contact), morphological mapping of surface NBs
was repeated at least three times on each sample with a scan area of 1×1 µm. Several force
measurements were obtained on the center of one discrete NB surface to produce stable
and reproducible values of Young’s modulus and stiffness. To ensure the stability of the
AFM tip during the mechanical measurement, modulus and stiffness measurements are
carried out on the silicon substrate surface before each sample. The measured modulus
values should have variations of less than 15%. Otherwise, the cantilever tip would be
changed. We extracted all the force-distance curves and re-calculated the Young’s modulus
of NBs using the JKR and DMT models in Equation (2.11) and Equation (2.12). The tipbubble contact is defined as the point when the tip experiences a significant attractive force
that usually causes a jump-in peak in the force-distance curve.1 The adhesion force (Fadh)
was obtained from the force curves, whereas other parameters with variables used in JKR
or DMT model calculations include: (1) the tip of curvature (R) is c.a. 20±5 nm; (2) the
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Poisson’s ratio of NBs (υs) is 0.3, as typically used for soft colloids;1 (3) the measured
indentation (δ) varied slightly (9±3 nm) under the current loading force and was used in
Equation (2.11) or (2.12) to calculate the reduced Young’s modulus (E*) to obtain the JKR
or DMT model results.

2.3 Results and Discussion
2.3.1 Effect of the Injection Gas Pressure on Bubble Size Distribution of NBs in
Water
The bubble size distribution of four types of gaseous bulk NBs (Figure 2.2) exhibits
evident dependence on the injection gas pressure changes. Figure 2.3 further demonstrates
that the average bubble size monotonously decreased with an injection gas pressure
increase from 60 psi to 80 psi. For example, the average hydrodynamic diameters of O2
NBs reduced from 294 nm to 199 nm after the injection gas pressure increased from 60 psi
to 80 psi. The influence of injection gas pressure on NBs’ size also implies that the DLS
detected NBs instead of other nanomaterials or nanoparticles that should not vary in sizes
with the injection gas pressure.1 This dependence of bubble size on internal pressure is
supported by the colloidal stability model in Equation (2.6). Tables 2.1-2.2 summarizes
the major parameters we used in the model calculation.
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Table 2.1 Parameter Values Utilized in the Colloidal Model Calculation in Equation (2.6)
Solution
type

Parameters

O2

Water surface tension (γ)
Water head pressure (Ph), Pa
Atmospheric pressure (P0), Pa
Dielectric constant of water (ε)
Dielectric permittivity of a
vacuum (ε0), C·V-1·m-1
Internal pressure of NBs, Pa
Zeta potential of NBs (ζ), mV

DI
water

Four different NBs
N2
H2
0.0728 N·m-1
980
101325
80.36 (20 oC)

CO2

8.854×10-12
The injection gas pressure in Figure 2.3
-40±5
-28±5
-20±5
-20±5

Figure 2.3 shows the model predictions (solid and dotted lines) of bubble diameters
(2·r) decrease when the internal gas pressure increased. However, the predicted results of
bubble sizes deviated from the measured hydrodynamic diameters, probably because the
DLS-measured hydrodynamic diameters are the colloidal sizes of NBs in water with
interferences from electric double layer formation, coalesces, and other detection variations
or artifact. Additionally, the model calculation employed the injection pressures as the
internal pressure of NBs, which may not be valid due to bubble expansion or shrinkage.
Thus, we varied the internal pressure between one and three times that of the injection gas
pressure in the calculation and yielded the prediction results (red and blue dotted lines) that
match the experimental data. This implies that the internal pressure of NBs could be one
to two times higher than the injection pressure, though they are at similar order of
magnitude.
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(a)

(b)

(c)

(d)

Figure 2.2 Bubble size distribution in hydrodynamic diameter of (a) O2, (b) N2, (c) H2, and
(d) CO2 NBs under different injection gas pressures.
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Figure 2.3 The hydrodynamic diameters of four kinds of NBs in deionized (DI) water
under different injection gas pressures. The solid and dotted lines indicate model
predictions with different internal pressures used in Equation (2.6).1 The difference in the
NB hydrodynamic diameters produced under 80 psi and the data under 60 or 70 psi was
analyzed by a one-way ANOVA (t-test, two sided, a significance level of 0.05). The
normality of replicate data was examined using the Shapiro Wilks W Test. *indicates a
significant difference (p <0.05) between the two groups of data for the same NB types.

2.3.2 Visualization and Assessment of Mechanical Properties of Surface NBs in
Water
The spontaneous attachment of bulk NBs on hydrophobic surfaces (e.g. silicon and HOPG)
has been reported in literature,275, 288-293 Bubble attachment on hydrophobic surfaces is
primarily due to the van der Waals attraction.294, 295 The left columns in Figure 2.4a and
2.4b show the AFM images of O2 NBs and N2 NBs on a silicon wafer. The diameters of
these NBs are around 80 ±20 nm with heights of 20±5 nm, indicating that surface bubbles
deformed or spread horizontally on the surface as reported elsewhere.295 In the AFM’s
Peakforce tapping mode, the height of NBs may further be underestimated due to the tipinduced deformation.291,

296

The reduced height in the AFM images is a commonly

observed image-processing artifact due to the hysteresis of the servo system.297 For
example, AFM-image leveling is generated from fitting an image profile line with
polynomial equations,279 which may cause discrepancies from a realistic objective height.
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Despite of these potential errors, surface NBs are clearly different from surface and bulk
NBs according to the Knudsen number analysis, which indicates bulk NBs are not a
Knudsen gas type, whereas the surface NBs are Knudsen type.298 A Knudsen gas is a gas
with the mean free path of molecules (λ) greater than bubble size (height or diameter). A
Knudsen number much greater than one indicates Knudsen diffusion is important and the
internal gas molecules in surface NBs rarely collide with each other but interact more
frequently with the solid substrate and the liquid/gas interface.299-301
Figure 2.4a and 2.4b middle and right columns provide the mapping of Young’s
modulus and stiffness with the dark areas corresponding to the surface NBs. AFM
generated data of Young’s modulus and stiffness in Figure 2.5a and 2.5b are extracted
from Figures 2.4. Figure 2.5a and 2.5b show that with an injection gas pressure increase
from 60 to 80 psi, the Young’s modulus of O2 NBs increased from 20.9±6.0 to 27.8±3.6
MPa, while the stiffness increased from 0.32±0.09 to 0.68±0.03 N·m-1 (Figure 2.5c),
which compares well with the prior literature.302 The measured Young’s moduli are greater
than the predicted level of ~10 MPa by the classical Young-Laplace equation, because it
does not consider the colloidal factors as we used in Equation (2.6). Moreover, both the
JKR model and the DMT model were used to verify the AFM-generated Young’s moduli
of NBs under different gas injection pressures. Obviously, the JKR model predictions of
Young’s moduli for O2 and N2 NBs were consistently less than the DMT predictions or
AFM-generated data (p<0.05), which are close to each other. The t-test analysis indicates
that the DMT model prediction results have no significant differences from the AFMgenerated data (p>0.05).
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Figure 2.5d presents the calculated internal pressures of O2 and N2 NBs using
Equation (2.7) in with the indentation (δ) determined from the force-distance curves
obtained on the surface NBs as illustrated in Figure 2.6. The calculated internal pressure
also increased with the increasing injection pressure when producing bulk NBs in water,
which corroborated with the colloidal model prediction in Figure 2.3. Moreover, the
internal pressure is again shown to be higher than the corresponding injection pressure.
Some previous studies have also reported high internal gas pressures of 1000–3000 psi
(calculated from the reported gas density of 100 to 280 kg·m-3).303, 304 We predicted lower
internal pressures (120–240 psi) that correspond to the gas density of approximately 10–
20 kg·m-3 at room temperature. Thus, the O2 and N2 NBs still remain in a dense gas phase
as previously reported.261
We need to admit that surface NBs and bulk NBs may differ from each other with
respect to their shapes, morphologies, internal pressures and stability mechanisms. For
example, after deposition of bulk NBs onto a solid substrate, they transform into surface
NBs with rapid deformation from spherical to spherical-cap. Moreover, there could be
dynamic influx or outflux of the gaseous molecules across the liquid/gas interface that
changes the internal states such as gaseous densities, molecular concentrations, and internal
pressures. Nevertheless, our experimental results of the internal pressures in Subsection
2.3.1 and 2.3.2, independently obtained from the colloidal force model and AFM
indentation methods, both reveals that the internal pressure varied with the injection
pressure. Moreover, the surface NBs are shown to have a similar order of magnitude of
internal pressures with the bulk NBs, though the surface NBs may have deformed to
spherical-cap compared to bulk NBs and thus may have a larger radius of curvature than
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bulk NBs and a reduced Laplace pressure. As such, the internal state changes after bulk
NBs transformed to surface NBs should be negligible.

(a)

(b)

Figure 2.4 Typical AFM morphological image (left), modulus mapping (middle)
and stiffness mapping (right) of O2 NBs (a) and N2 NBs (b) on silicon wafer surface
generated under different injection gas pressures: (a) 60 psi, (b) 70 psi, and (c) 80 psi.
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(b)

(a)

*
**

(c)

**

*
**

**

(d)

Figure 2.5 (a) and (b) are the Young’s moduli of O2 and N2 NBs as measured by AFM
(AFM-generated) and calculated by the JKR and DMT models; (c) O2 and N2 NB stiffness
as measured by AFM under different injection pressures; and (d) comparison of the
calculated internal pressure of O2 and N2 NBs and the injection gas pressure levels. Error
bars are produced from the indentation uncertainties (δ) and adhesion force (Fadh) read from
force curves measured by AFM. The significance of difference for the comparison between
the Young’s moduli of NBs produced under 80 psi and the data under 60 or 70 psi was
analyzed by a one-way ANOVA (t-test, two sided, a significance level of 0.05). *indicates
a significant difference (p <0.05) between the data groups with under-80 psi data.
**indicates a significant difference (p <0.05) between the data group with the other two
sets of data using the same specific injection pressure.
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Figure 2.6 (a) The force-distance curve showing the indentation (δ) of the AFM probe in
contact with a bubble surface. (b) An illustration of the AFM tip geometry on the NB
deformed surface.

2.3.3 Effect of Water Temperatures on Bubble Sizes and NB Concentrations
Water temperatures affect water surface tension, density, and the dielectric constant as well
as gaseous solubility, which may indirectly change the stability of NBs in water.251, 305.
Figure 2.7a and 2.7b show the bubble sizes of O2 NBs and N2 NBs both decreased when
the water temperatures increased from 6 to 40 oC. This interesting result could be attributed
to the lower water surface tension at higher temperatures that reduces the NBs’ size
according to the model in Equation (2.6) or the classic Young-Laplace equation. Moreover,
Figure 2.7c shows that at higher water temperatures (40 oC), both O2 and N2 NBs had
reduced surface charges, suggesting the bubble-size changes caused a restructured electric
double layer due to the bubble size change. Figure 2.7d shows the model prediction
supports the observed trend of the average hydrodynamic diameters from DLS with water
temperatures. Table 2.2 lists the parameters used in the model calculation of the NB
diameters under various water temperatures. Moreover, the predicted diameters using 2–3
times of injection gas pressure (i.e., 3×Pinj) well matched the experimental data, which
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agrees with the abovementioned analysis. The NBs’ size was reported to be temperature
dependent as temperature affects the gas solubility.306 Moreover, NBs may both grow and
shrink when the temperature changes due to the Ostwald ripening (bubbles grow and burst
into small bubbles).307 This suggests the need to further improve the model to incorporate
the dissolution or solubility factors under temperature variations when analyzing the bubble
size.
(a)

(b)

(c)

(d)

6

20

40

*

*

6

20

40

Figure 2.7 (a) and (b) are the O2 and N2 NBs’ size distribution produced under 60 psi; (c)
the zeta potential of NBs in DI water; (d) a comparison of the observed and modelpredicted NB diameters in DI water under different water temperatures. The significance
of difference for comparison between the NBs’ hydrodynamic diameter produced under 40
o
C and the data under 6 or 20 oC was analyzed by a one-way ANOVA (t-test, two sided, a
significance level α = 0.05).
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Table 2.2 Parameters Used in the Calculation of Bubble Size at Different Water
Temperatures Using Equation (2.6)
Water
temperature (℃)
6
20
40

Water density
(kg·m-3)
999.90
998.19
992.25

Water surface tension
(mN·m-1)
75.13
72.80
69.47

Dielectric constant
of water
86.40
80.36
73.28

2.3.4 The Concentration Changes of NBs Under Different Water Temperatures and
Storage Times
As one of the key factors for the long-term stability of aqueous NBs, the temperature effect
on bubble concentrations and sizes is also evident as shown in Figure 2.8a. The freshly
prepared O2 and N2 NB concentrations ranged from 4–6×108 bubbles·mL-1 under a room
temperature, which is consistent with the literature reports.308 Bubble concentrations were
at similar levels of magnitude at 6 and 20 oC, although the concentrations slightly reduced
at a lower temperature. At 40 oC the bubble concentration was significantly reduced by one
order of magnitude from a few 108 bubbles ml-1 to 6.4±1.4×107 bubbles·ml-1 for O2 NBs
and 4.7±1.3×107 bubbles·ml-1 for N2 NBs. Thus, at high temperatures, large-sized NBs may
be susceptible to expansion, bursting, or coalescing, whereas smaller NBs shifted the size
distribution to a lower range. Furthermore, we analyzed the bubble size distribution and
concentrations in water after storage for different times. Figure 2.8b indicates that with the
storage time, the concentrations of both N2 and O2 NBs’ suspension decreased
progressively. The bubbles sizes measured by DLS were stable for 1~2 months as shown
in Table 2.3. In the third month, the bubble size distribution became hard to detect, and the
zeta potential also decreased significantly.
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(b)

(a)

Figure 2.8 (a) O2 and N2 NB concentrations in DI water that were prepared at different
temperatures and stored no more than 24 hours. (b) O2 and N2 NBs concentrations in DI
water after storage in the dark at room temperature (20oC).
Table 2.3 Hydrodynamic Diameter, Zeta Potential and Dissolved Oxygen Level of N2 and
O2 NBs With Different Storage Time Under Room Temperature (20℃).

Time (month)
0
1
2
3
4
Time (month)
0
1
2
3
4

Nitrogen NBs
Hydrodynamic
Zeta potential (mV)
diameter (nm)
318.9±43.3
-28.8±6.6
271.8±54.9
-21.5±6.3
343.3±92.0
-16.9±5.4
Not detectable
-12.9±6.8
Not detectable
-8.6±4.4
Oxygen NBs
Hydrodynamic
Zeta potential (mV)
diameter (nm)
224.7±19.6
-40.0±1.4
226.2±46.0
-24.2±9.5
Not detectable or data
-4.4±3.5
is not repeatable
Not detectable
-1.9±2.6
Not detectable
-3.2±3.4
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DO (mg/L)
5.2±0.3
9.2±0.1
9.5±0.1
9.5±0.1
9.5±0.1
DO (mg/L)
28.7±0.5
9.6±0.1
9.6±0.1
9.5±0.1
9.5±0.1

CHAPTER 3
ELECTROCHEMICAL CHARACTERIZATION METHOD DEVELOPMENT
FOR REACTIVE NANOBUBBLES
Scanning electrochemical microscopy (SECM) is used to measure the local
electrochemical behavior of liquid/solid, liquid/gas and liquid/liquid interfaces. Atomic
force microscopy (AFM) is a versatile tool to characterize micro- and nanostructure in
terms of topography and mechanical properties. However, conventional SECM or AFM
provides limited laterally resolved information on electrical or electrochemical properties
at nanoscale. For instance, the activity of a nanomaterial surface at crystal facet levels is
difficult to resolve by conventional electrochemistry methods. This chapter reports the
application of the combination of AFM and SECM, namely, AFM-SECM, to probe
nanoscale surface electrochemical activity while acquiring high-resolution topographical
data. Such measurements are critical to understanding the relationship between
nanostructure and reaction activity, which relevant to a wide range of applications in
material science, life science and chemical processes. The versatility of the combined
AFM-SECM is demonstrated by mapping topographical and electrochemical properties of
nanobubbles (NBs). Compared to previously reported SECM imaging of nanostructures,
this AFM-SECM enables quantitative assessment of local surface activity or reactivity with
higher resolution of surface mapping.

3.1 Background and Challenges
Characterization of electrochemical (EC) behavior can provide critical insights into the
kinetics and mechanisms of interfacial reactions in diverse fields, such as biology,309, 310
energy,311,

312

material synthesis,313-315 and chemical process.316,
84

317

Traditional EC

measurements including electrochemical impedance spectroscopy
noise methods

60

, galvanostatic intermittent titration

318

59

, electrochemical

, and cyclic voltammetry

57

are

usually performed at macroscopic scale and provide a surface-average response. Thus, it is
difficult to extract information on how (electro) chemical-activity is distributed across a
surface, but local scale surface properties in nanoscale are especially important where
nanomaterials are widely used. Therefore, new techniques capable of simultaneously
capturing both nanoscale multidimensional information and electrochemistry are highly
desirable.
Scanning electrochemical microscopy (SECM) is a widely used technique for
measuring the localized electrochemical activity of materials at micro- and nanoscales 61.
Typically, SECM uses an ultra-microelectrode as a probe for detecting electroactive
chemical species as it scans a sample surface to spatially resolve local electrochemical
properties.67 The measured current at the probe is produced by reduction (or oxidation) of
the mediator species, and this current is an indicator of the electrochemical reactivity in the
surface of sample. SECM has evolved significantly after its first inception in 198968, 69 but
it is still challenged by two main limitations. Since EC signals are typically sensitive to tipsubstrate interaction characteristics, one limitation of SECM is that keeping the probe at a
constant-height prevents a direct correlation of electrochemical activity with the surface
landscape, due to the convolution of topography with the collected EC information.71
Second, it is difficult for a commercial SECM system to obtain sub-micrometer (µm) image
resolution as the spatial resolution is partially determined by the probe dimensions, which
is in micrometer scale. 319 Therefore, nanoelectrodes, the electrodes with a diameter in the
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nanometer range, are increasingly used in SECM to achieve the resolution below submicrometer scale.320-323
To provide a constant tip-substrate distance control and obtain a higher spatial
electrochemical resolution, several hybrid techniques of SECM have been operated, such
as ion conductance positioning74, shear force positioning 73, alternating current SECM 75,
and atomic force microscopy (AFM) positioning. Among these instrumentations, SECM
integrating AFM positioning (AFM-SECM) has become a highly promising approach. As
AFM is capable of providing fixed tip-substrate distances, the integrated AFM-SECM
technique enables simultaneous acquisition of nanoscale surface structural and
electrochemical information through mapping or sample sweeping with the sharp AFM
tips. Since the first successful operation of AFM-SECM by MacPherson and Unwin in
1996324, significant improvements have been achieved on probe design and fabrication, as
well as its applications in various research fields such as electrochemistry in chemical and
biological processes. For example, AFM-SECM has been implemented for imaging
composite material surfaces, such as noble metal nanoparticles166, functionalized or
dimensionally stable electrodes167, 175, and electronic devices147. AFM-SECM is capable of
mapping the electrochemically active sites from the tip current image.
Simultaneous topographical and electrochemical measurements could also be
achieved by other techniques such as conductive AFM
AFM)

82-85

78-81

, electrochemical AFM (EC-

, scanning ion conductance microscopy-scanning electrochemical microscopy

(SICM-SECM)

74, 86

, and scanning electrochemical cell microscopy (SECCM)

comparison between these techniques has been discussed in our review paper.309

86

87, 88

The

Characterization of NBs mainly used dynamic light scattering (DLS) or laser
diffraction techniques for determine the size distribution of bulk NBs,212,

216, 237

microelectrophoresis for the measurement of zeta potential,212, 216, 263 and nanoparticle
tracking analysis (NTA) technique to analyze the NBs numerical concentration and size
distribution.
The aim of the chapter was to employ atomic force microscopy-scanning
electrochemical microscopy (AFM-SECM) to demonstrate the electrochemical mapping
and measurement on nanobubbles in water. We measured and compared the
electrochemical behavior the liquid/gas interfaces for surface nanobubbles (NBs) on gold
or silicon substrate. NBs are bubbles with a diameter of < 1 μm (also known as ultrafine
bubbles),3 and they elicit many intriguing properties,4, 5 including long residence time in
the solutions 6, 325 and higher efficiency of gas mass transfer.7, 325 Furthermore, the collapse
of NBs creates shock waves and the formation of hydroxyl radicals (•OH).14, 15, 326 We
measured the electrochemical reactivity of oxygen NBs in the solution to better understand
the fundamental chemical properties of NBs.

3.2 Materials and Methods
3.2.1 Nanobubbles Generation
Different NBs were generated by direct injection of compressed ultra-high purity gases
(99.999%, Airgas Inc.) through a tubular ceramic membrane (140 nm pore size,
MSKTB01014UM, Sterlitech, U.S) into deionized water as we reported previously.275 The
pressure of the injection gas flow was adjusted by regulators (CGA540 for O2) under a gas
pressure at 60 psi (~414 kPa). The gas was injected continuously for 90 min under a
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pressure of 414 kPa and a flow of 0.45 L·m-1 to reach stable bubble size distribution and a
saturation point.
3.2.2 Traditional Electrochemical Measurement in Bulk Solution
As shown in Figure 3.1, the electrochemical experiments were carried out on a CHI 660
electrochemical workstation (CH Instrument, USA). A traditional three-electrode system
with a 3 mm platinum wire as the counter electrode, an Ag/AgCl electrode as the reference,
and an Pt disk electrode (3.0 mm diameter) as the working electrode was employed. All
potentials in this paper refer to the Ag/AgCl. The cyclic voltammogram of Pt working
electrode was recorded at 50 mV s-1. To maintain facile and reproducible electrochemistry,
the electrolyte solution was prepared with 20 mM K3Fe(CN)6 in 0.5M KCl as a supporting
electrolyte.327 The solution was then mixed with ONBs water or DI water (as control group)
under a ratio of 1:1. The experiments were operated under 0 to 0.5 V versus Ag/AgCl.
Electrochemical impedance measurements (EIS) were performed at open circuit
potential with an amplitude of the sinusoidal potential signal of 10 mV AC over the
frequency range from 100 kHz to 10 mHz in 0.5M KCl solution, which was mixed with
NBs water or DI water (as control group) under a ratio of 1:1 before test. The open circuit
potential on the peak voltage achieved from CV measurements.
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Figure 3.1 (a) Set up of electrochemical measurements system. (b) Photo and schematic
representation of the electrochemical cell.
Source: The right part of b) is reprinted from reference.328

3.2.3 Topographical and Electrochemical Imaging by AFM-SECM
AFM-SECM measurements were conducted using Dimension Icon with the SECM
accessory and CHI 700E bi-potentiostat.93 Fresh gold plates (Au on Si; model 119-017307, Bruker, CA) in size of 40 mm×40 mm were used as the substrate to immobilize NBs.
The AFM-SECM probes acted as working electrode (Peakforce-secm, Bruker Nano Inc,
CA, US), which have a tip radius of 25 nm, and a tip height of 215 nm. As shown in Figure
89

3.2, the sample acted as another working electrode, which shares the same pseudoreference using the Ag wire electrode (0.25 mm in diameter, 249-000-056, Bruker Nano
Inc, CA, US) and the counter electrode of a Pt wire (0.25 mm in diameter, 248-000-004,
Bruker Nano Inc, CA, US).
10 mM [Ru(NH3)6]3+ with supporting electrolyte of 0.1 M KCl was used in the
presented test. 5~10mM is a commonly used concentration of [Ru(NH3)6]3+ in literature to
obtain good current signals.175 More examples of commonly used redox mediators in AFMSECM measurements are summarized in Table 3.1.
1.8 mL of the water suspension of oxygen NBs was added on gold substrate in the
EC sample cell and stabilized for 10 min. Then 0.9 mL of NBs suspension was decanted
and replaced by 0.9 mL of a 10 mM Ru(NH3)6Cl3 solution in 0.1M KCl. Open circuit
potential was checked and followed by CVs with a DC bias range from 0 to -400 mV. The
probe and the sample could be biased at different potentials (vs the Ag wire pseudoreference electrode), to enable different redox reactions. In the presented work, the tip
reduces the [Ru(NH3)6]3+ to [Ru(NH3)6]2+ at -400 mV versus an Ag wire pseudo-reference
electrode.
The potential range mentioned here “High E” and “Low E” could be +0.3 V or −0.3
V of “ init E/Final E” is a safe choice to start the CV test. Then, the potential range could
be adjusted based on the potential value that led to a plateau current in the CV curve. Scan
rate could vary between 0.01 V/s to 0.1 V/s. A higher scan rate attributes to a higher
sensibility, but the charging current would also increase. Also, at high scan rates the
voltammograms presented distorted shapes.329 A higher sensitivity value should be
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selected as long as CV test does not show “overflow”. If an “overflow” message showed,
then the sensitivity should be decreased.

Figure 3.2 Schematic of AFM-SECM system.

Table 3.1 Examples of Redox Mediators Used in the Literature
Reaction

E0 / V

Concentration

Applied Potential

Ref

2H+ + 2e− ⇌ H2

0

[Ru(NH3)6]3+ + e−⇌ [Ru(NH3)6]2+

0.10 (NHE)

10 mM

−0.4 V (Ag/AgCl)

175

2NO2− + 3H2O + 4e− ⇌ N2O+ 6OH−

0.15(NHE)

0.1 M

+0.95V (Ag/AgCl)

183

[Fe(CN)6]3− + e−⇌ [Fe(CN)6]4−

0.358(NHE)

2~5 mM

+0.0 ~ 0.5V(Ag/AgCl)

ClO4− + H2O + 2e− ⇌ ClO3−+ 2OH−

0.36(NHE)

0.1~1 M

+0.30 V(SCE)

173

[IrCl6]3− + 3e− ⇌ Ir + 6Cl−

0.77(NHE)

10 mM

+1.0 V(Ag/AgCl)

179

SO42− + H2O + 2e−⇌ SO32−+ 2OH−

-0.93 (NHE)

10 mM

-0.45 V(Ag/AgCl)

185

AgCl + e− ⇌ Ag + Cl−

0.22233(NHE)
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3.3 Results and Discussion
3.3.1 Traditional Electrochemical Measurements
The CV measurements (Figure 3.3) on the electrolyte solution (20 mM K3Fe(CN)6 in
0.5M KCl) containing NBs (O2, H2, N2, CO2) shows a higher current peak under the applied
potential compared to the same electrolyte solution without NBs. This indicated that NBs
may have the potential to facilitate the diffusion and mass transfer of [Fe(CN)6]3+ from
bulk solution to the electrode interface and result in a higher peak current.8,

330

In

amperometry, the potential applied to a electrode and the current is a result of the
oxidation/reduction reactions at the electrode surface. The current is recorded as the
analytical signal.331

Figure 3.3 (a) Cyclic voltammetry of NBs water containing different types of gas. (b)
Zoom view of the grey-squared part of (a).

The EIS measurements can reveal the conductivities of the electrodes. In Nyquist
plot, a semi-circle in high frequencies is related to the electron transfer process. While in
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low frequencies, a linear part is corresponded to the diffusion limited process.332 The
Nyquist plot (Figure 3.4) here shows a small semi-circle in high-frequencies, a big semicircle in middle frequencies and a linear part in low frequencies. The presence of two semicircles associated to two RC circuits.333 The diameter of the semicircle can be assigned as
the charge-transfer resistance (Rct) at the interface between the electrode and the
electrolyte.334 A reasonable explanation is that NBs attached on the surface of cathode and
form a layer. Fe(CN)63- passes through the layer of the attached NBs and reached to the
vicinity near the surface of Pt electrode. After reduced to Fe(CN)64-, the products transfer
from the attached NBs layer and diffuse to bulk solution.332 Electrolyte solutions containing
NBs, especially with carbon dioxide NBs, hydrogen NBs, and nitrogen NBs showed a
smaller charge-transfer resistance, which may indicate that NBs could promote the charge
transfer at the interface of electrode and solution.

Figure 3.4 Nyquist plot of NBs water containing different types of gas. (b) Zoom view of
the grey-squared part of (a).

93

3.3.2 Topography and Current Imaging of Oxygen NBs by AFM-SECM
Previous studies that characterized NBs with AFM only reported topography images to
reveal the size and distribution of NBs immobilized on a solid substrate.335,

336

Our

experiments revealed both morphological and electrochemical information. Individual
oxygen nanobubbles (ONBs) can be clearly identiﬁed in Figure 3.5, which provides the
topography as well as the tip current mapping or information. The tip current was generated
by the redox reaction of [Ru(NH3)6]3+ that is reduced to [Ru(NH3)6]2+ at the tip under a bias
potential at -0.4V, as depicted in Figure 3.5c. A comparison of the topography and current
image evidences the good correlation between the locations of the NBs and the current
spots. This result conﬁrms that ONBs could facilitate the diffusion and mass transfer of
[Ru(NH3)6]3+ from bulk solution to the tip area8 and result in a higher current (relative to
the substrate background current of 6 pA) when the AFM-SECM tip scanned over NBs.330
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Figure 3.5 Simultaneously acquired topography (a) and tip current (b) images of oxygen
NBs in electrolyte containing 10 mM [Ru(NH3)6]3+and 0.1 M KCl. The tip with a tip radius
of 25 nm was biased at -0.4V (c) Schematic illustration of AFM-SECM measurement of
NBs.
In the presented measurement, -0.4 V versus Ag/AgCl (-0.18V versus NHE) was
chosen to perform the reduction of [Ru(NH3)6]3+. The probe may reduce the [Ru(NH3)6]3+
to [Ru(NH3)6]2+ at -0.35 to -0.5 V vs Ag wire pseudo-reference electrode, while the sample
maybe biased at 0 to -0.1 V for [Ru(NH3)6]3+ regeneration. This value depends on the
plateau current measured in the CV scan. It will also vary with different redox mediators
as summarized in Table 3.1.
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CHAPTER 4
INFLUENCES OF AIR, OXYGEN, NITROGEN, AND CARBON DIOXIDE
NANOBUBBLES ON SEEDS GERMINATION AND PLANTS GROWTH

Nanobubbles (NBs) hold promise in green and sustainable engineering applications in
diverse fields (e.g., water/wastewater treatment, food processing, medical applications, and
agriculture). This chapter investigated the effects of four types of NBs on seed germination
and plant growth. Air, oxygen, nitrogen, and carbon dioxide NBs were generated and
dispersed in tap water. Different plants including lettuce, carrot, fava bean, and tomato
were used in germination and growth tests. The seeds in water containing NBs exhibited
6-25% higher germination rates. Especially, nitrogen NBs exhibited considerable effects
in the seed germination, whereas air and carbon dioxide NBs did not significantly promote
germination. The growth of stem length and diameter, leave numbers, and leave width were
promoted by NBs (except air). Furthermore, the promotion effect was primarily ascribed
to the generation of exogenous reactive oxygen species (ROS) by NBs and higher
efficiency of nutrient fixation or utilization.
4.1 Background and Challenges
Microbubbles (MBs) are generally defined as gaseous bubbles with diameter less than 100
μm and larger than 10 μm.2 Nanobubbles (NBs) are bubbles with a diameter of < 1 μm
(also known as ultrafine bubbles).3 The ultrasmall sizes of the micro- and nanobubbles
(MNBs) elicit many intriguing propeties.5 For example, NBs have long residence times in
the solutions due to their low buoyancy325 and high efficiency of gas mass transfer due to
the reduced bubble size (high surface area) and increased internal pressure.7,

325

Furthermore, the increased specific surface area of NBs increases the contact area between
96

liquid and gas,8 which facilitate mass transfer, sorption, and chemical reactions at the
gas/liquid interface. Therefore, MNBs have rapidly transformed into innovative
technologies with versatile applications in agriculture, aquaculture, food engineering,
waste water treatment, and medical applications (e.g. drug delivery for chemotherapy).8, 9,
11

The application of oxygen NBs enhanced the oxygen concentration from 7.7 mg/L in

normal distilled water to 31.7 mg/L after 30 minutes.12 Thus, NBs are also used in
aquaculture to improve the water quality and replenish dissolved oxygen, which increases
the productivity of fish in limited space.13
The collapse of NBs creates shock waves, which in turn, promotes the formation of
hydroxyl radicals (•OH), a highly reactive oxygen species (ROS) that nonspecifically
reacts with and decomposes organic matters.14, 16 MBs have also been demonstrated to
remove residual pesticides of vegetables and improve the quality of produce.17 The collapse
of NBs creates the shock waves and promotes the formation of hydroxyl radicals which is
essential for pollutant degradation.14, 15 Applying NBs in water treatment could efficiently
remove water contaminants (e.g., rhodamine B, p-nitrophenol, and alachlor.).2, 19 For example,
Fenitrothion is an agricultural pesticide that is harmful to fish, animals, and humans. Ozone
MBs were shown to remove and degrade fenitrothion in lettuce, cherry tomatoes, and
strawberries.18
Recently, NBs have been introduced into agricultural applications (e.g., promoting
plant growth and germination). For example, several studies demonstrated that the use of
NBs promotes fast germination time and growth of seeds.47-49 Germination rates of barley
seeds submerged in water containing NBs (bubbles formed from gas mixtures of nitrogen
and pure air) were 15−25% greater than those of seeds submerged in distilled water with
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the same concentration of dissolved oxygen.50 Germination of seed is one of the first and
most fundamental life stages of a plant and largely determines plant growth and yield
production.337 Germination begins with water uptake by the seed (imbibition) and ends
with the start of elongation by the embryonic axis. Germination is a complex process during
which the seed must quickly recover physically from maturation drying, resume a sustained
intensity of metabolism, complete essential cellular events to allow for the embryo to
emerge, and prepare for subsequent seedling growth.338 For germination to occur, seeds
require moisture, a suitable temperature, and in most cases aerobic atmosphere.338
In addition, MBs have proven to facilitate the growth of plants such as lettuce in
the nutrient solutions.51 Water containing air MBs led to a 2.1 times greater fresh lettuce
leaf weight and 1.7 greater dry leaf weight than macro-bubble treated plants.52 NBs were
shown to enhance the growth of plant by improving oxygen supply as nutrients elements.339
Moreover, according to a previous study,53 rice growth did not differ between plants
irrigated with NB water (water saturated by oxygen nanobubbles) and those irrigated with
control water (without nanobubbles), but NB water significantly reduced cumulative CH4
emission during the rice-growing season by 21%. The amounts of iron, manganese, and
arsenic that leached into the drainage water before full rice heading were also reduced by
the NB water. However, most of these previous studies used MBs for plant growth
promotion and only a few of them employed NBs. Seiichi Oshita et al. showed accelerated
seed germination rates in mixed nitrogen and air NBs water compared to that in distilled
water, and indicated that NBs promoted physiological activity of plants because of the
generation of exogenous ROS and increased the mobility of the water molecules in bulk.48,
49

One of the key advantages of NBs for agricultural applications is that potentially
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environmentally-harmful chemicals in fertilizer or insecticide production and utilization
can be reduced or eliminated. NBs could be a more environmentally sustainable alternative
to improve crop yield.
Despite of the intensive studies on agricultural applications of NBs, the
enhancement mechanisms for NBs (e.g., different types or compositions) on seed
germination and plant growth remain elusive. Moreover, the roles of ROS produced in the
suspension of NBs in the germination and growth process are not fully understood. In this
study, we investigated the effects of four types of NBs on the germination and growth of
plants. Air, oxygen, nitrogen, and carbon dioxide NBs were generated in tap water, and
applied on the germination and growth tests for lettuce, carrot, tomato and Fava bean. Tap
water was used as a watering reference datum (control group) for comparison.
Photoluminescence technique was used to characterize the ROS generation in different
suspension of NBs. We further analyzed the potential mechanisms behind the promotion
effects of NBs and the roles of reactive oxygen radicals and nutrient delivery in
germination and plant growth.

4.2 Materials and Methods
4.2.1 Production and Storage of NBs Suspensions Containing Air, O2, CO2, and N2
Different kinds of NBs including air nanobubbles (ANBs), oxygen nanobubbles (ONBs),
carbon dioxide nanobubbles (CNBs), and nitrogen nanobubbles (NNBs) were generated
by direct injection of compressed air (Ultra zero grade air, Airgas Inc.), oxygen (purity
99.999%, Airgas Inc.), carbon dioxide (purity 99.99%, Airgas Inc.), and nitrogen (purity
99.999%, Airgas Inc.) through a tubular ceramic membrane (100 nm pore size, WAF0.1,
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Refracton, USA) into tap water as we reported previously.253 The gases were injected
continuously for 90 min under a pressure of 414 kPa and a flow of 0.45 L·m-1 to reach
stable bubble size distribution and a saturation point.253 The hydrodynamic diameters of
the produced NBs were measured by dynamic light scattering (DLS) on a Zetasizer Nano
ZS instrument (Malvern Instruments) as reported previously.253,

276

The bubble size

distribution is shown in Figure 4.1. Dynamic light scattering (DLS) on a Zetasizer Nano
ZS instrument (Malvern Instruments), was used to monitor bubbles size distribution
(BSD). The suspension of NBs was transferred into glass cuvettes with 1 cm light
transmission path and tested immediately by DLS. The BSD were performed at a scattering
angle of 173° and a temperature of 25°C. The triplicate measurements for each sample
were performed and each measurement consisted of fifteen runs.
The used tap water was firstly left at ambient temperature for 24 hours to allow the
free residual chlorine to exit water.340 Fresh NBs suspension was used immediately for the
plant growth tests. However, for germination tests, all types of NBs suspension were
generated every three days, stored separately in closed 1-gallon water bottles and used
daily. The pH for ANBs, ONBs, and NNBs and tap water were between 6 and 7 and the
pH for CNBs was around 4.5. We monitored the dissolved oxygen of the freshly and stored
NBs suspension with Orion Star A329 Multi-Parameter Meters (Thermo-Fisher Scientific,
USA).
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Figure 4.1 Hydrodynamic diameter of ANBs, ONBs, NNBs, and CNBs.

4.2.2 Examination of ROS Production in Water Suspension of NBs
The generation of hydroxyl radicals (•OH) by NBs was detected by a photoluminescence
(PL) technique with terephthalic acid as a probe molecule.341, 342 Terephthalic acid readily
reacts with •OH to produce highly fluorescent product, 2-hydroxyterephthalic acid. The
intensity of the PL peak of 2-hydroxyterephtalic acid is in proportion to the amount of •OH
radicals produced in water. This method relies on the PL signal at 425 nm of the
hydroxylation of terephthalic acid with •OH generated by NBs.
Compressed air, oxygen, nitrogen and carbon dioxide were separately purged into
300 mL of the 5×10-4 M terephthalic acid solution with a concentration of 2×10-3 M NaOH
in a 1L beaker for 30 min at a constant temperature of 20 °C. To increase the collapse rate
of NBs, an ultrasonic wave (100 W, 42 kHz±6%) was applied to the four paralleled samples
of control and NB suspensions for different times (0 min, 0.5 min, 3 min and 6 min). After
ultrasonication, the PL spectra of these liquid samples were measured on a Hitachi
fluorescence spectrophotometer to determine the generated 2-hydroxyterephthalic acid.
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4.2.3 Germination Tests
Lettuce, carrot, and fava bean seeds were used in germination tests. The seeds of lettuce
(Lactuca sativa), carrot Scarlet-Nantes type (Daucus carota ssp. sativus) and fava bean
(Vicia faba) were purchased from Home Depot in July 2017 with details shown on the
package in Figure 4.2.

Figure 4.2 Image of the seeds. (a) Carrot; (b) Tomato; (c) Lettuce; (d) Fava bean.

For each seed type, five paralleled groups were prepared to investigate the effects
of four different NBs on their germination rates, which were calculated daily by the
percentage of germinating seed number to the total number on the Petri dish.343 Among the
five groups, there was a control group using tap water without NBs. The other four groups
were performed by watering the seeds with suspensions of different NBs including ANBs,
ONBs, NNBs, and CNBs. Each group was composed of 25 seeds, and each 5 seeds were
separately submerged in 10 mL of the tested NB suspension inside a non-sterilized petri
dish (Figure 4.3). All petri dishes were kept at the same room temperature (~23 oC) and
natural light conditions. During the germination experiments, the tap water and the NBs
solutions were changed every 24 hours from the stored bottles to avoid the depletion of
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oxygen or water evaporation and also to replenish the dose of NBs.49 Germination tests for
lettuce, carrot, and bean seeds lasted for about 6‒10 days. The seed’s sizes and weights
were measured before and after the tests. The hypocotyl lengths were measured daily to
compare hypocotyl elongation. Images were captured daily for all tested seeds, and
processed by the ImageJ software to measure the hypocotyl length of the seeds.344 The
images, hypocotyl elongations, and germination rates of the tested seeds were compared
among all different applied NBs.

Figure 4.3 The setup of seeds germination tests.

4.2.4 Plant Growth Tests
For growth study Fava bean (Vicia faba), carrot, and tomato san marzano (Solanum
lycopersicum) were grown in the garden soil (Miracle-Gro soil). The plants were grown in
rectangle tabletop planters with saucers as shown in Figure 4.4. The height, width, and
length of the planters were 16.75, 20.02, and 60.33 centimeter(cm) respectively. Five
groups of each plant type were cultivated. All groups were subjected to irrigation every
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three days by saturated water suspension of ANBs, ONBs, NNBs, CNBs, and tap water
only (control group). For each group, five seeds were inoculated in one planter with an
apart distance of approximately 10 cm. For growth tests, the length or diameter (cm) of the
leaves, stem, and root were measured depending on the growth rate with a Caliper. The
results were expressed as an average with standard deviation as the error bars.

Figure 4.4 Real photo of the setup of the plants growth tests.

4.2.5 Statistical Analysis
All comparisons were made between the control samples (irrigated by tap water only) and
the test groups that underwent the treatments with different NB waters in all the tests. The
significance of difference for comparison was analyzed by one-way ANOVA (t-test, two
sided, a significance level α = 0.05). The results of the t tests are summarized in Table 4.1.
The normality of replicate data on seed germination and plant growth data was examined,
when necessary, upon Shapiro Wilks W Test by SPSS 11.5 (p > 0.05).
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Table 4.1 p Values For The T-Tests Between Control Groups (Irrigated By Tap Water
Only) And The Test Groups That Underwent The Treatments With Different NB Waters
On Seeds Germination And Plant Growth Data. Shaded Cells Indicate That P > 0.05 And
Thus There Is No Statistical Difference Between The Test Group And Control Group.
Germination rates (Figure 4.5, a-c)
ONBs
ANBs
NNBs
Lettuce (a) 1.35E-01 2.34E-01 1.47E-02
Carrot (b) 3.12E-01 1.00E+00 4.52E-03
Bean (c)
1.95E-01 1.04E-02 2.76E-03
Hypocotyl length (Figure 4.6, a-c)
ONBs
ANBs
NNBs
Lettuce (a) 8.32E-02 1.65E-02 1.81E-02
Carrot (b) 1.16E-02 9.16E-01 1.23E-02
Bean (c)
1.50E-02 2.10E-01 8.36E-02
Stem length (Figure 4.7, a-c)
ONBs
ANBs
NNBs
Bean (a)
1.92E-04 1.67E-01 1.59E-03
Carrot (b) 2.73E-02 4.21E-03 5.10E-03
Tomato (c) 2.18E-03 5.90E-02 6.14E-03
Stem diameter (Figure 4.8, d-f)
ONBs
ANBs
NNBs
Bean (d)
3.33E-02 1.67E-03 2.43E-07
Carrot (e) 9.65E-04 9.65E-04 9.65E-04
Tomato (f) 6.27E-10 6.86E-05 1.36E-08
Leaves length (Figure 4.11, a-c)
ONBs
ANBs
NNBs
Bean (a)
3.63E-02 6.80E-03 7.73E-01
Carrot (b) 3.04E-01 3.47E-01 6.51E-01
Tomato (c) 1.15E-02 4.60E-03 1.17E-02
Leaves width (Figure 4.11, d-f)
ONBs
ANBs
NNBs
Bean (d)
4.02E-01 7.91E-03 6.21E-04
Carrot (e) 3.70E-03 4.10E-01 2.36E-02
Tomato (f) 6.27E-10 6.86E-05 1.36E-08
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CNBs
2.65E-02
6.09E-01
3.84E-01
CNBs
2.95E-01
4.05E-01
7.84E-01
CNBs
5.88E-03
5.48E-03
6.20E-03
CNBs
3.04E-02
9.65E-04
2.25E-06
CNBs
1.14E-03
1.20E-02
2.62E-03
CNBs
9.38E-01
2.47E-02
2.25E-06

4.3 Results
4.3.1 Effect of Different Types of NBs on the Germination Rates of Vegetable Seeds
Figure 4.5 shows that four types of NBs consistently promoted the germination rates of
lettuce, carrot and bean. After 6 days of submersion, the lettuce germination rate reached
100% with NNBs (p < 0.05 as shown in Table 4.1) followed by CNBs, ONBs, ANBs, and
tap water, which corresponded to the germination rates of 85%, 85%, 82%, and 80%,
respectively. The same results were achieved on carrot and bean, for which the germination
rates were highest under irrigation by NNB water. For carrot and bean, ANBs and CNBs
did not significantly promote germination compared to tap water.(p > 0.05) Thus, NNBs
had a considerable promotion effect on the germination rate, probably because of the
effective delivery of nitrogen elements or other growth factors by NBs.7, 325
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Figure 4.5 Effect of different types of NBs on the germination rates of (a) lettuce,
(b) carrot, and (c) bean.
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4.3.2 Effect of NB Type on the Hypocotyl Length of Vegetable Seeds
Figure 4.6 shows that the hypocotyl length growth was fasten by exposure to NNBs, or
ONBs (p < 0.05). For all three kinds of seeds, CNBs made no significant difference to the
hypocotyl length (p > 0.05). ANBs appeared to slow down the growth rates of hypocotyls
length compared to tap water, which is observed in last two days. Figure 4.7 shows the
hypocotyl growth process of lettuce under immersion into different NB waters and tap
waters. Clearly, the promotion effects by NBs became evident on the 4th and 6th days of
incubation. Seeds exposed to NBs had a higher germination rate and hypocotyl length than
seeds treated with tap water.
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Figure 4.6 Effect of different types of NBs on the hypocotyl length during germination of
(a) lettuce, (b) carrot, and (c) bean.
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Figure 4.7 Photos of hypocotyl growth process of lettuce seeds at different submersion
days.

4.3.3 Effect of NBs Type on the Vegetable Growth
Figures 4.8 presents the leaf numbers of tomato, carrot and beans under exposure to
different kinds of NBs. Compared to tap water, the numbers of leaves were increased with
exposure to most of the tested NBs. NNBs led to significantly increase in tomato leaves
number (p < 0.05), whereas ANBs did not increase but instead reduced the number of
tomato leaves. The t-test indicated that compared to tap water, NNBs had a significant
promotion effect on all plants (p < 0.05); CNBs only had a significant promotion effect on
bean plant; and ONBs promoted tomato. Conversely, ANBs had a negative effect on
tomato growth. Other groups did not show significant differences from the control group.
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Figures 4.9 shows that beans after one week of watering by four different NBs grew quite
differently. NBs-treated beans grew faster with apparent leaves sprouting out of their buds,
whereas the tap water-treated ones had no leaf sprout during the same initial growth period.

Figure 4.8 Influence of water type on number of leaves of tomato, carrot, and bean after
37 days. * denotes significant differences (p<0.05) between the values of NB treatment
groups and control group of the same kind of plants.
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Figure 4.9 Growth of beans taken after the first week of the test.

The effect of NBs on the stem length and diameter is demonstrated in Figure 4.10
(p < 0.05). Similar to the results of the leaf number, some of the results show that stem
length and diameter were both increased by NBs. However, ANBs appeared to inhibit the
growth of stem length for bean and tomato after 30 days compared to tap water. Stem
length exhibited distinct time-dependent growth (left column of Figure 4.10). However,
stem diameter did not change with exposure time and also the effect of NBs varied on three
types of vegetables. For example, for bean’s stem diameter, NNBs promoted its growth
and CNBs/ONBs’ effects were negligible, whereas ANBs had an inhibitory effect. For
tomato, the stem diameter was considerably increased by ONBs, NNBs, and CNBs.
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Figure 4.10 Effect of different types of NBs on stem length of bean (a), carrot (b), and
tomato (c) and stem diameter of bean (d), carrot (e), and tomato (f).

Figure 4.11(a-c) indicate that there was no significant difference for the leaves
length of beans and carrots watered by NBs and tap water (except tomato). Figure 4.11 (d-
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e) also show NNBs’ promotion effect on the leaf width of beans and carrots compared to
contrl group with tap water (p < 0.05), whereas other NBs made no clear differences. For
tomato, its leaf length and width were both enhanced by NNBs water, but inhibited by
ANBs. Our results are inconsistent with a previous study that showed ANBs significantly
promoted the height, length of leaves and aerial resh weight of Brassica campestris.12
Figure 4.12 shows that tomatos with submersion to CNBs, NNBs and ONBs had bigger
leaves than those with tap water.
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Figure 4.11 Effect of different types of NBs on leaves length of bean (a), carrot (b), and
tomato (c); and leaves width of bean (d), carrot (e), and tomato (f).
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Figure 4.12 Photos of tomato leaves after the same amount and freequency of watering by
NBs water and tap water.

4.3.4 ROS Generation by NBs and Dissolved Oxygen Measurement
The ultrasound could accelerate the aggregation process of NBs in an aqueous solution and
promote collapse and ROS generation.345 We measured the •OH radicals in the water
saturated with NBs under different sonication time. Without sonication, the PL intensity of
different NB solutions is similar with the control group, indicating that terephthalic acid
could self-decompose and there were no significant or detectable amounts of ROS in NB
waters without sonication. Figure 4.13 reveals that •OH radicals were produced in the NBs
water, and both ONBs and ANBs generated considerable amounts of •OH radicals. NNBs
seemed to quench some radical formation resulted from the sonication, which produced
some •OH radicals under sonication. CNBs did not produce considerable levels of •OH
radicals in the solution under the sonication.
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Figure 4.13 Fluorescence intensity of different NBs water under sonication (100 W). *
denotes significant differences (p<0.05) between the values of NB groups and control
group under same sonication time.

Figure 4.14 shows the changes of dissolved oxygen (DO) levels in water that was
saturated with different kinds of NBs and tap water. ANBs water had almost the same DO
concentration (8.7 mg∙L-1 on average) with tap water. NNBs and CNBs reduced dissolved
oxygen levels below the level in tap water. The dissolved oxygen level in ONBs suspension
progressively reduced from 41.8 to 15.0 mg∙L-1, whereas the level of dissolved oxygen
increased in the water suspension of NNBs and CNBs, probably due to oxygen gas transfer
from the ambient air. The water was re-spiked with NBs every three days, which
replenished DO in ONBs suspension from 15.0 to 41.8 mg∙L-1.
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Figure 4.14 The changes of dissolved oxygen levels in water suspension of different NBs.

4.4 Discussion
4.4.1 ROS Effects on Germination and Plant Growth
As ROS is one of the activation agents involved in cell wall loosening and cell elongation,48
the continuous supply of ROS by NBs may sustain a long-lasting stimulation of living
organisms and thus promotes plant growth.47 Shu Liu et al. compared the physiological
promotion effects of ONB water and H2O2 solutions,47 indicating that the oxidative
capacity of ONBs water was equivalent to 0.5 mM H2O2 and the oxidative capacity of gasmixture NBs water was equivalent to 0.3 mM H2O2. ONB water and equivalent
concentration H2O2 solutions exhibited a similar effect in promoting the germination rate
of barley seeds.47 Additionally, NB water was shown to induce the expression of genes
related to cell division and cell expansion.48
In the past, ROS production in seeds has been widely regarded as a symptom of
oxidative stress that potentially lead to deleterious consequences such as cell death and cell
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damage (e.g., oxidative degradation of lipids, proteins, and nucleic acid).346 Research in
recent decades, however, has highlighted new roles for ROS as important physiological
regulators of cellular signaling pathways.49 Additionally, both endogenous and exogenous
sources contribute to the formation of intracellular ROS.347 Owusu-Ansah and Banerjee
discovered that moderately high ROS level in the progenitor population sensitizes them to
differentiation, and establishes a signalling role for ROS in the regulation of hematopoietic
cell fate.348, 349 Bailly et al. suggested a concept of the “oxidative window for germination”,
350

a critical range of ROS level at which the occurrence of the cellular events associated

with germination is optimal. As reported previously,350 a low level of ROS during
imbibition is inhibitory to germination and may result in decreased antimicrobial defense.
A high level of ROS could destroy cells and produce pathological effects.351,

352

The

amount of ROS produced in the NB water could be tuned to match the range of “oxidative
window”,47 depending on specific types of NBs (pure oxygen or oxygen mixture with
air).347 Although ROS such as •OH has a short lifetime, NB water may be able to yield a
constant submicromolar level of •OH,47 which substantially enhances germination and
plant growth by NBs.
In our research, ONBs generated a considerable amount of ROS and ONBs did not
significantly promote the germination of carrot seeds. However, ONBs had a promotion
effect on tomato’s growth, which indicates the ROS effect could be plant specific. A
previous study revealed that the oxidative window for carrot seeds is narrow and the
amount of exogenous •OH produced by ONBs could be above the toxic threshold of carrot
seeds,49 which is why ONBs had no obvious promotion on carrot sees. Meanwhile, though
NNBs only generated a small amount of ROS, it significantly promoted seed germination
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for all three kinds of seeds, which could be related to not only the proper ROS but also the
possible increased nitrogen accessibility to plants.
4.4.2 Effects of the Growth Elements Delivered by NBs
Nitrogen and carbon, as key elements of biomass growth, have the profound effect on
germination rate, plant growth and properties.353, 354 Injecting the solution of NNBs could
provide more accessibility to N2 and enhance the efficiency of molecular nitrogen fixation
by diazotrophs or nitrogen-fixing organisms,355 which convert N2 to ammonia by
nitrogenase and thus promote seed germination or plant growth.356, 357 Thus, NNBs or
nanobubble technologies may hold the potential to promote the plant’s element absorption
and utilization efficiency without secondary pollution.
Oxygen is extremely important for nutrient absorption in plants as oxygen is
responsible for transporting nutrients across the cell wall and into the roots of the plant. As
more oxygen is absorbed into the root, nutrient absorption will be improved. The root of
the crop need enough oxygen to sustain own metabolism and the whole plant growth.358
Root hypoxia can lead to the weakening of the root respiration, which may shift from
aerobic to anaerobic and decrease the root growth, ion transport, and root fluid flow.
Therefore, consistent with the previous research,52 we found that ONBs increased the
lettuce and carrot germination, probably because ONBs supports plant root’s breath.359 By
contrast, ANBs have substantially different properties from NNBs or ONBs, which could
explain the resulted different phytoplankton effects. For example, ANBs has a different
ionization energy than NNBs, as well as different surface charges and zeta potentials in
aqueous solutions. For example, the ionization energy of nitrogen is 14.5 eV, compared to
34 eV for air.360 Thus, NNBs has higher ZPs compared to ANBs.253 High ZPs of NNBs
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would enhance their ability to absorb the positively charged plant nutrient ions and promote
the plant growth.
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CHAPTER 5
CONCLUSION AND OUTLOOK
The presented study in Chapter 2 aims to unravel the internal pressures of NBs in water
and provide new insights into the colloidal stability mechanisms of NBs. The dependence
of bubble sizes and mechanical properties in water on the internal gas pressure and water
temperatures were analyzed using experimental approaches and two independent models
based on colloidal force balance and contact mechanics. The colloidal force balance model
was derived from the Young-Laplace equation and correctly interpreted the effects of
multiple factors (e.g., surface tension and surface charge repulsion) on the NBs’ stability,
in addition to the Laplace pressure in the classical Young-Laplace equation. The
experimental measurement and model prediction both revealed the bubble size decreases
at high injection or internal gas pressures. The model further implies that NBs elicit much
higher internal pressures (120~240 psi) than the injection gas pressures (60-80 psi). Unlike
the sensitive impacts of internal pressures, the zeta potential of NBs was not found to affect
bubble size or distribution in our previous study,361 which matches the model prediction.
Furthermore, this study presents another contact mechanics model that employs AFM to
directly probe the Young’s modulus of NBs and further validated the measured and
predicted internal pressures that are is 2~3 times of the injection pressure.
A combined AFM-SECM technique which enabled high-resolution multimodal
imaging, has been elaborated in the Chapter 3. This technique allows for topography to be
mapped simultaneously with the SECM current collected or mapped on single nanobubbles.
Experiments were performed using commercial probes batch-fabricated by Bruker
Company. These probes were designed to provide chemical compatibility with a wide
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range of electrochemical environments, electrochemical performance, mechanical stability,
and multiple-cycle handling.71 However, the stability and durability of the AFM-SECM
are critical for the measurement of the electrochemical information with reliable and high
resolution.
Moreover, sample preparation is very important as well since the solid particles
have to be immobilized on the substrate completely so that particles do not detach during
the imaging process. In addition, to scan or probe electrochemical or electrical properties
of sample surfaces (e.g., electrode), the binding between samples and substrates needs to
ensure the electrical conductivity. Overall, we demonstrated that AFM-SECM enables
high-resolution imaging of oxygen NBs. Clearly, this AFM-SECM technique is anticipated
to play important roles in interfacial electrochemical analysis and will have broad
applications in different research fields, such as material science, chemistry, and life
science.309, 319
In the agricultural application, nitrogen NBs showed a considerable promotion in
both seeds germination and plant growth for all species in our experiments, similar with
oxygen NBs. According to photoluminescence results, different NBs had different ROS
generation abilities, which provide a partial explanation for the promotion on seeds
germination. Additionally, NBs may more effectively deliver nutrients (e.g., nitrogen or
oxygen) to plants or to nitrogen-fixer in roots environment due to the high surface area and
mass diffusion rates. Clearly, we speculated that nitrogen or oxygen exert different
mechanisms of plant growth enhancement. For instance, enhanced nitrogen delivery might
be the governing factor for nitrogen NBs, while oxygen NBs may play a different role such
as enhancing the activity of aerobic root microorganisms and indirectly promote plant
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growth. The effects of NBs vary slightly with the types of seeds or plants, which deserves
future studies. Moreover, the potential applications of NBs may not be limited to plant
growth promotion and agriculture, but also applicable to other chemical or industrial
processes such as phytoremediation as an efficient, green and cost-effective approach to
boost up plant growth for pollution removal or remediation.
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